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PREFACE 



Ev^BY one who has to use the microBcope must decide for hini' 
self the question as to whether lie will do so in accordance with 
a system of rule of thumh, or whether he will seek to supersede 
this by a system of reasoned action based upon a study of his 
Instrument and a consideration of the scientific principles of micro- 
scopical technique. 

The present text-book has no message to those who are content 
to follow a system of rule of thumb, and to eke this out by bUnd 
trial and error. 

It addresses itself to those who are dissatisfied with the results 
thus obtained, and who desire to master the scientific principles 
of microscopy, even at the price of some intellectual effort. 
The general scope of this treatise is briefly as follows — 
I have taken as my theme the technique of the microscope ; 
excluding from ray purview such technique afi has relation only to 
special branches of microscopic study, or to the employment of the 
supplementary apparatus which is used in association with the 
microscope for the purpose of counting, measuringj analysing, or 
photographing microscopic objects. 

In correspondence with what I conceive to be a natural, and a 
fundamentally important, subdivision of my subject matter, 1 have 
divided my treatise into two parts. 

In Part 1. 1 treat of the development of the object or stage-picture, 
i.e. of the development upon the stage of the microscope of that 
pattern of radiant points which constitutes the original of the 
magnified image formed upon the retina by the microscope. 

In Part II. I treat of the development of the magnified micro- 
scopic image, and of the instrumental adjustments which minister 
to the satisfactory development of that image. 
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To ©very beginner I would have it pointed out that the principles 
which are set forth in Part I, constitute absolutely the alphabet of 
microscopy. I would have euch beginner appreciate that the 
magnified iraage which is formed upon the retina of the observer 
is rightly considered the joint creation of the optician and the 
microscopist, I would have him learn that it is for the niicroscopist 
to develop upon the stage of the microscope the pattern of radiant 
points (spoken of above as the stage-picture) ; and for the optician 
to take in charge the beams which proceed from that stage-picture, 
and to form out of these the magnified " microscopifi iniage,^^ I 
would further have it brought home to every beginner that if he 
fails to develop upon the stage of the microscope a stage-picture, 
no effort on the part of the optician will conjure up an image ; 
while given a satisfactory stage-picture, even the poorest of micro- 
Bcopes will furnish something to the eye. 

Upon the more advanced microscopic worker I would have it 
impressed that, while it holds true generally that the stage-picture 
is the concern of the microscopist and the microscopic image the 
oonoem of the optician, this statement does not embrace the whole 
truth. The microscopist has also a responsibihty in connexion with 
the development of the microscopic image, in particular in the case 
where the high powers of the microscope are employed. Here 
the optician must perforce count upon the inteUigent co-opera- 
tion of the microscopist. 

The general subject matter of my work enunciated, I would 
desire to explain also certain features in connexion with its 
exposition. 

If the reader demurs to being called upon to begin both in 
Part 1. and Part 11. with subject matters which are not directly 
relevant to the microscope, I would explain that this is done with 
a view to avoiding the treatment of these questions in a paren- 
thetical manner. The reader will appreciate that the art of 
exposition is the art of avoiding parentheses. 

If, again, the reader sees ground of complaint in the fact that he 
is required at every moment to put down the book and undertake 
an experiment, I would submit that no proposition is adequately 
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apprehended until it has bc^n invested in the apposite mental 
image. The illustrations and experiments in this book, and the 
diffraction grating which is supplied in the pocket of the cover, 
are one and all provided to enable the reader to attain to an 
adequate appreliension of the statements in the test. 

Lastly, if the reader feels that he has a grievance in the fact 
that a number of new coined terms are employed in this treatise, 
I would put it to him that a complete vocabulary of technical 
terms is as essential to a satisfactory exposition as a proper 
ordering of the subject matter, and the provision of illustrative 
experiments. 

It is in obedience to this consideration that I have, wherever 
the vocabulary of optica seemed to me to be deficient, coined, or 
adopted into currency, such new technical terms as seemed to 
me to be required. 

To the objector who urges that the existing vocabulary already 
adequately subserves the exchange of ideaa among those who are 
conversant with optics, and that the coinage of new words could 
quite well be avoided by occasional circumlocution and by resort 
to mathematical formulae, I would submit the following for con- 
sideration. 

We have here, not the case of an interchange of ideas between 
physicists conversant with their subject and capable of threading 
their way through the pitfalls provided by an inadequate and often 
ambiguous vocabulary, but the case of an author endeavouring to 
give a clear exposition to a reader who must be assumed to be 
approaching the subject de novo. 

Circumlocution and mathematical formulae might, no doubt, 
be resorted to, but circumlocution is everywhere a t-eraporary, and 
at all times a difficult, expedient; and the use of mathematical 
signs as a substitute for speech can be defended only in the case of 
the inarticulate classes of the learned. 

In bringing my task — a task which has occupied many years — 
to a conclusion, T desire to make it clear that I owe to my friend, 
Mr. J. W. Gordon, a debt greater than I can express for manifold 
intellectual help and suggestion. I am rather understating than 
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overstating my indebtedness to him when I say that if it had not 
been for the assistance which I have derived from his pubUshed 
papers, from his personal collaboration in experiment, and from his 
criticism, this book would never have taken shape. 

To Miss Gertrude Woodward I have to express my grateful 
acknowledgments for the skill and patience which she devoted to 
the preparation of the illustrations. 

I am indebted also to my friends, Mr. J. W. Gordon, Mr. 
Maynard Smith, F.R.C.S., and Lieut.-Col. W. B. Leishman, 
R.A.M.C., for help in connexion with the illustrations, and to 
Messrs. Carl Zeiss for the blocks of Figs. 2, 3 and 4 on Plate XII. 

Lastly, I would ask my publishers — ^Messrs. Constable & Co. — 
to accept my very sincere thanks for the generous way in which 
they have fallen in with my many onerous suggestions in con- 
nexion with the production of this work. 

St. Maby's Hospital, 
London, W. 
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DESCRIPTION OF PLATES 

Plate I. I Frontispiece). 

A. Radiant Qeld consisting of wliite disk diiipoaed dd a black ground. 
with inset figure showing that a dark margin is developed round a glasa 
spheral© when placed Jn position against such a field. {Dnrk oudine 
picittre-,) 

B. Radiant 6eld consisting of black disk disposed on a white ground, 
with insat figure showing that a bright margin is developed round a 
glass spherule when placed in position against such a field. {Dark 
ground iitumhiation.} 

C Radiant field consistUig of a homogeneouB white surface, with 
inset figure showing tliat a. glass spherule is only very lightly outlined 
when placed in position against such a field. {Supprtssion of outline 
picture, ) 

D. Radiant field consisting of a blue disk disposed upon a red field, 
with irvaet figure allowing that a spherule placed in position against such 
A field is aeen as a blue object delineated by a ted outline {ittumirmtion 
by differentially coloured light). 

E. Series of extemporized subatage stops made in the manner de- 
scribed in Cap. II., Sect. II,. aubsoct. 2.. p, 20, 

a. dark outline picture ; h. bright outline picture ; c, picture in relief ; 
d, pure colour picture ; e. colour and outline picture [Hde pp. 3—4 and 
p. 12). 



Plate II. (facing page 20), 

o, Glass spherule, mounted in Canada balsam and iUuminated by 
the fully open focuaaed condenser in such a manner as to obliterate the 
delimiting outfine {vide p. 21, Exp. 3 ; p. OtI, Exp. 1 ; and p, 174). 

b. Glass spherule, delineated by a bright outline upon a dark ground. 
{Dark ground iUumitiation,) The object, wliich is mounted in water, is 
illuminated by hollow, wide-angJod beams furnuihed by a wide-angled 
condenser fitted with a central spot stop, as shown in Figs. To and 90, 
and is viewed with a narrow-angled objective. 

r. Glass spherule delineated by a dark outline upon a briglit ground. 
The ubjftc-t is mount4>d in water, is illuminated by narrow-angled 
beams* and is viewed with a narrow-angled objective. {Dark outline 
pirture.) 

d. Film preparation of tubercle bacilli, differentially stainetl retl, 
mixed with other bacteria which are stained blue. Preparations such 
as this here in question serve as a test for chromatic aberration in the 
microscope {vide p. 99, Exp. 2). 

e. Reproduction of a drawing of a portion of a teat diatom (tricera- 
tium). This servea to illiistrat*! the difference between the " funda- 
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roentftl " and the " derivative " pattern {t*{de p, 8, Exps. 1 and 2. and 
footnot^^. 

/. Glass spherule deUneated by a dark outline upon a blue field. 
The object is mounted in water and is illiuiiinated by narrow-angled 
beams which ha%e bcon tranamitted through tht* central area of the 
parti-ooloured stop sliawn on Plate I, Fig. E, 3. The outline appears 
yellowish by colour-contrast when viewed through the covering tissue- 
paper (vide pp, 8-0 and p. 21, Exps. 4 and 6). 

g, Glaas spherule delineated by a dark otitline upon a red Seld. 
Tlio object is mounted in water and is iUnminatod by narrow-angled 
beams wliich have been traaamittcxl through the peripheral area of the 
parti-coloured atop, shown in Plate I, Fig. E. 3, placed under a narrow 
Bubatage diaphragm. The outline appears greenish by colour-eontraet 
whpn viewed through the covering tissue-paper {vide pp. 8-9). 

h. Glasa spherule delineated by a red margin on a blue field. Th©! 
object is mounted in water and Is illuminated by wide-angled beams' 
which have been transmitted through ttie parti-coloured stop plat-ed 
centrally luider a widely-ojien fociLSsed condenser. 

i. Semi-diagranunatical repreaentation of a piece of blotting paper 
of which one half (the left half) h mounted in oil, while the other (right) 
half Ls mounted in air, the whole being illuminated by narrow-angted] 
beama. On the left side, owing to the abolition of refraction and reflec- 
tion by the filling in of the interstices of the paper by oil. tlie preparation 
has become transparent and the fibre of the paper has been rendered 
invisible. On the right »id€*, where the interatiees of the paper are filled 
in with air, refraction and reflection are preserved, with the rtwnlt tliafc 
the preparation w opaque and that the constituent fibres are del>neatt<d 
by hard dark outlines {vide. pp. 29-30, Expe. 1-7). 

/. Representation of the same object similarly mounted and siinilarly 
ilimninated e.iccept in the respect that the liglit has been transmitted 
through a red light filter (ride pp. 20-30, Exps. 1-7). 

fc. Glass wool delineated by dark outlinea upon a blue field. The fila- 
ments are here mounted in water and are illuminated by narrow-angled 
beainis transmitted through a blue light filter (an e^liown in Plate XI, 
Fig. 2) and are viewed with a narrow -angled objective. The dark 
outlines appear yellow by colour eontrast when viewed tliruugh the 
co>-ering tmvie-iiRper {ride pp. 8-9 and p. 177, Exp. 2). 

L Glass wool seen against a purple ground. The filaments are here 
mounted in water an<l are illuminated by wide-angled beams fiu-niahed 
by a fully open condenser and a parti-coloured stop (as shown in Plato 
XI, Fig. 1), and are viewetl with a wide-angknl objective [vide p. 210, 
Exp. 2). 

m. Glass wool delineated by red outlines on a blue field. The fila- 
ments are here mounted in water, ore illuminated by wide-angled beams 
furnished by a fully-open condenser and a jiarti-eoloured stop [as ehown 
in Plate XI, Fig, ]), and ore viewed with a narrow-angled objective 
(ttide p. 210, Exp. 2. and p. 155, Exp. 2). The red outlines, when 
viewed through the eovering tissue-paper, apiwor 3'ellowish by colotn* 
enntrast to tlie blue Held, 



Plate III ifacin<j (xvjr 22;. 

o* A film j>re])aration of blotjd in wliich the element* are delineated 
by dark outlines upon a bright field. {Dnrk 6utlmt p»efur«.) The 
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prep(kra.tioii is mounted in air, is illuiiiin.at«>d by narrow-onglixl beams 
und IB viewed witli a narrow-angled objective [vide p. 22, Exp. I j p. 
41 (b) ; and p. 42, Exp. 2). 

b. A film preparation of blood in which tbe elements are delineated 
by bright outlines ut>on a dai-k fieJd. [Dark ground itluniination.) The 
preparation ia mounted in water, ia illuininat>ed by hollow wide-angled 
beams (furnished by a wide-aiigled condenser fitted with a central spot 
stop as shown in Figs. 75 and 90), and is viewed vinth a tiarrow-an^ed 
objoctive {vide p. 2'i, Exp. 2). 

c. Film preparation of blood seen a» a picture in relief. The pre- 
paration is mountwl in air, ia illuminated by such a system of obliquely 
incident beanw as is shown in Fig. 76, and as is obtained by the arrange- 
ment shown in Plat© XII, Fig. 1 (firfe p. 23, Exp. 4). 

d. Fihn preparation of blood in which the elenienta are ATsible only in ao 
far aa they are coloured (colour picture). The preparation is illuminated 
by a focusaed fully-open wide-angled condenser in the field of which is the 
window bar shown in the upper part of the figure {vide p. 23, Exp. 3 i 
p. 39, Exp. 1, and p. 174). 

«. Film preparation of blood in which the elomente are differentially 
t!tainod by Leinh man's stain (mde p. 24). 

/. Film preparation of blood stained diffusely with eoein (see p. 36, 
Exp. 6). 

g. The same preparation partially discolourized by the agency of a 
weak alkali (see p. 36, Exp. 5). 

h. The same preparation after further staining with methylene blue 
{3ee p, 36, Exp. 7). 

Plate IV ifacing page 28). 

-4. Diagrammatic reproaentation of a glass cell filled with trans- 
parent highly refractive spherules lying in air. The opacity of the 
contents of tlie cell is seen to l>e due to tbe fact that the rays which here 
paas up through the floor of the cell are diverted from their course by 
refraction and reflection [mde pp. 27 and 28, Exps. 1-4). 

S, Uiagrammatic representation of the same cell and ephernles lying 
in a highly refracting enveloping medium. The tranflparency of the 
contents of the cell ia seen to be due to ttie fact that the rays here paa'* 
upwards through the cell without being turned asida from theii- course 
by reflection or refraction (mde pp. 27-28, Exps. 1-4). 

Plate \* {faeityg page 42), 

Fig. 1. Diagram showing manner in which illumination by differen- 
tially coloured light h achieved in the case of a spherule placed in position 
as in Plate I d. against & parti -coloured radiant field {vide p. 17 {d) ). 

Fig, 2. Vide p. 42. Exp. 2 and comment. 

Fig. 3. Vide p. 42, Exp. 2 end comment. 



Plate VI {facing pagt 78). 

A and B. Diagrams showing influence of aperture upon the definition 
of the focal imaget; in the case of interpenetrating point vista-s derived 
fronx radiant points placed one behind the other {vide p. 78, subsects. 
17 and 18). 
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C and D, DiBgramB showing the influence of aiicrturo upon the 
definition o( the images in the case of iaterppnetrating surface vtjatas 
derived from radiant planes placed one behind the other (inde p. 82, sub- 
sdct. 28). 

Plate VII {facing page 98). 

Fig, 1. Diagram ahawing the efifect uf cliromatic aberration iu the 
case where an isolated beam pa^es through an uncorrected Isaa {vide 
p. tig, subsoct. 4). 

Fig. 2. Diagram showing the effect of chrfxnatje aberration, in the 
case where light derived from differently coloured radiant points passes 
tlixough an uncorrected lens {vide p. 99 [2]). 

Fig. 3, Diagram showing the optical anatomy of the apertural piano 
of the objective. A. p. Apertural plane of objective combination where 
the pencils of parallel rays intersect t<t form luminous points whicJi 
radiati") a mixture of blue and red rays {vide p. 155, including Exps. 1 
and 2). 

Fig, 4. Diagraju showing the optical anatomy of tlie apertural plane 
(Ramsden disk) of the eye leoa. e.l., eye lena ; a. p., Han^isden diflk 
where the pencils of parallel raj'^s intersect to form luminouB points which 
radiate a mixture of blue and red rays, {vidi p. 158, including Expa. 
1 and 2). 

Plate VIII {fctdng page 106), 

Fig. L Diagram of a dioptric beam supplemented by a system of 
diffracted beams. The central beam (unshadtHl) represents the dioptric 
beaiii ; tlie lightly shaded beams, the tuminijeroits diffracted beams ; the 
darkly shaded beams, the caliginiferous di^racted beams, a, point of 
origin of the beam ; n, aperture of the lens seen in oiJtical section ; 
c, diffraction pattern (antipoint) which represents in the image th^ 
luminous point a ; c', optical section of tlie antipoint c. {vide pp. 
106-107). 

Fig. 2. Antipoint of a liuninous point ao seen through two alit 
openings. a>, radiant object point ; b., aperture ; c, antipoint {vide 
p. 108, Exp. 2). 

Fig. 3. Diagram showing the antipoint pattern uf a c-ircle aeen through 
a restricted circular aperture. A, object line i b, circular aperture ; 
c, antipoint pattern. When viewed through the covering tissue-paper, 
tlie antipoint pattern consists only of the pruicipal circle and an inter* 
costal point (vide p. 108). 

I^iATB XX. {facing jtage 108). 

Fig. 1. Diagram showing the antipoint pattern of a straight line seen 
tiirough a linear aperture, a, object line ; B, linear aperture ; c, anti- 
point pattern {i^ide p. 108). 

Fig. 2. Diagram showing antipoint pattern eorresiwnding to a 
straight line seen thrr)Ugh a narrow circular aperture, a, object line ; 
B, circular aperture ; c, seri^'B of antijiointa corrospondiitg to the file 
of jjoint which radiate light through the aperture {vide p. 108), 

Fig. 3. Diagram showing antipoint of a disk seen through a linear 
aperture, a, obje4:t; b, aperture ; c, antipoint pattern {vide p, 109), 
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Plate X {facing page 158). 

Figs. 1 anil 2. Photograplis showing tbo Ranisclen disk of eye lernB as 
iMien ott looking down upon the microBCupa from a distance of ID or more 
indhes. a, Rain^den diijk. The smaller size of the Kameden disk In 
Fig, S stood in thi.-* itiatanoe in relation with a narrowing of the Rubatage 
diaphragm {vide. pp. 90-92, 158, 160^1(il}. 

Fig. 3. Dra%vingB of t!ie Ramsden disk of the eye lens as seen by 
placing a pocket lena in front of the eye and bending over the microscope, 

A. This drawing corresponds to Fig, I, supra. Here in conformity with 
the fact t]i&t the aperture of the objec-tive ia fully filled in by tlio beama 
wliich proceed from the uiicroijcope stage, the Ramsden disk corresponds 
to the image of the whole back surface of the objective. The black 
dots seen in the image correspond t-o particles of dust which have lodged 
upon the upper surface of the back lena of the objective {vide p, 93), 

B^ The drawing corresponds to Fig. 2, unpra. Here in conformity 
with the fact tliat the beanie wliieh proceed from the stage of the miero* 
scope fill ill tfie centre portion only of the aperture of the objective, the 
Ramsden di-sk corresponds to an image of the centre of the back of tlie 
objective antl is enveloped by a half-ahadcd area whicii corresponds to 
an image of the upjior part of tho substago diapliragm. 

C. Tlie drawing correaporida to Fig. 2, supra, with the difference that 
the centre of the aubatage diaphragm is here out of tUhneation with the 
centre of the objective {vide p. 180 and p. 222). 

Fip. 4 and 5. Drawings of the projection picture of the pupillary 
aperture (entoptii"" ]iicture) which comes into view when a ItonTocentric 
beam radiates into tho pupil. 

In Fig. 4 are to be noted (a) the granular mottling of liglit and shade 
over the wliole extent of the hiratnous diak (this is caused by want of 
homogeneity in the ocular media) ; (6) the two bright points, each with 
itfl syatem of diflraction rjngs (these correapond to te«ra upon tlje surface 
of the oomea} ; (c) the more centrally placed diffraction patterns corre- 
sponding to intralenticular opacities ; [d) the spiked contour which corre* 
sponda to the pupillary margin of the iris ; and (c) the double bright 
and dark contour caused by diffraction of tho light at the edge of the 
pupillary diaphragm. 

In Fig, 5 are superadded the shadow of two eyelashes (each with 
it« diffraction bands) and a broader, mottled, horizontally-disposed 
shadow with diffraclion bands corresponding to a ridge of debris swept 
U{> by the eyelid from the surface of the cornea. 



Plate XI {facing page 176). 

Figs. 1 and 2. Diagramii showing that when a parti-coloured red and 
blue screen such as is shown on Plate I, e, 3, is employ^ in the sub- 
stage beams of mixed blue and red rays are brought to focus by the 
condenser. 

In Fig. 1, where the condenser IiacJ been focusseti upon the upper 
surface of the slide, both red and blue rays would radiate into the ob- 
jective from the microscopic yjreparation. 

In Fig. 2, where the principal focal plane of the condenser lies below 
the level of the microscopic preparation, this last ia illuminated by the 
blue rays only (wide pp. 176-177). 
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PlATE XII UaciJ^g poge 180). 

Fig. 1. Photograph of arrangements of the subetage which will fvff- 
nieli a system of luminous points radiating Ugiit in each caue in the 
form of a narrow soUd cone along; an axis disposed obhquely to the 
optical axis of the microscope in such a manner' as tO give a st^teost.^opic 
picture {vide pp. 172-173, and Plate 111, c). 

Fig. 2. Zeiss objective changer {tnde p. 205). 

Fig. 3. Abbe'a apertometer. a, plan ; b, elevation (mde p. 198), 

Kg. 4. Dry objective fitted with correction collar (vide p. "201 ). 



PiATE XIII {facing page 186). 

Diagram showing the automatic colour correction which occurs where 
raya derived from adjoining uncorrected beams intersect to form nodal 
points (f«ff p. 186). 



Plate XIV {facing page 21 S). 

Diagram showing the conditions which obtain where an extended 
radiant field is employed as the source of light, (With a view to facili- 
tating the elucidation of these conditions, a parti-coloured red and blue 
screen serves in thia and the succeeding diEkgrama in each case aa. the 
sourco of light.) 

A. Diagrammatic representation of the unagewliichis formed in the 
diapFiragfin of the ocular. The red disks here represent the autipointa 
corresponding to the radiant jjoints in the central portion of the object 
field which send their light in the form of wide unmutilated be-ama 
syfnmetrically tlirough the aperture of the objective ; the blue elliptical 
figm^w on tho peri|thery wliieh extend inwards over the image field 
represent tbe elliptical antipoints correaponding to the radiant points in 
the i)eriiJher>' of the object field which send through the aperture of the 
objective beams which are cut down in an iinsynimetrical manner by 
the edges of the objective moimt. 

B. Diagrammatic representation of the apertural plane of the objec- 
tive where tho blue and rod beanxq intersect to form nodal points wliich 
radiate aa shown in Plate VII.. Fig. 3 (A. P.), a mixture of blue and red 
rays. To be noted here i^ alsw tho fact that the afjertural plane of the 
objective is fully filled in by the transmitted beama {vide. p. 210). 



Pt^TE XV {facing page 220). 

Diagrani showing the conditions which obtain when, in conformity 
with Mr. Nelson's suggestion, tho auljstage condenser is partially closed, 
with a view to avoiding that fogging of the image which is ordinarily 
associate with the emploj^nent of an extended radiant Seld. The 
general scheme of tho diagram is the same as that employed m connexion 
with Plate XIV. To be noted is the circumBtance that, in conformity 
with tliB narrowing of the substage diaphragm and tlie correspondingly 
diminished width of tho bcama which radiate into the objective, the 
apertural plane of the objective B is only partially illuminated. As a 
further result, tlie radiant points upon the stage are represented in the 
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image by ^ntipointa which &re larger than those wliich oorreqxmil io 

the full aperture of the objcsctive {vide pp. 220-221). 

Ot^ini; to an ov^raight the blue vutt^a^ wluc;h ought properly to have been repre^oDied 
aa incnrv'Qil vintbA p&abLh^ into the objective have here tKwn allawod to ittray aneld. Tn 
asKK}t<itinn VI jtTi this, tlie Bntipoiiila on the [wriphery of the inv«ige<field [A) ought to hove 
been culiiureil blue injtteiKi of rvd. 

Plate XVT {facing page 222), 

Diagram showing the conditiona which obtain when, in aocordani^ 
fi-ith Gordon's suggestion, the dimensitms of the radiant field are severely 
restricted. The genera! sciieme of the diagram is the saine &s that 
fniployed in connexion witlt Plato XIV. To be noted ia the circum- 
stance that, in conformity wjtJi the fact that the full aperture of the 
condenser is employed, the radiant points on the stage now furnish 
beams which fill in the whole apertural plane of the objective (b) fnr- 
nislimg on the now only partially illuminated image plane of the objjec- 
ti\e (A) the smaller antipointa wliieh corrofipond t-o that full aperture 
{vide pp. 220-221). 

Platk XV'II {facing page 224). 

Diagram showing the conditions which obtain where the objective is 
out of aliineation with tiie condenser. The general echeme of the diagram 
is tlie aatno as tliat employed in Plate XIV. To be not-ed ia the circtim- 
atance that, owing to the unayminetrical manner in which the beams are 
cut down in the course of their passage through the objective, they are 
represented in the image plane by ellipitical antipolnta {vide p. 222). 



PuiTE XVIII {facing page 236). 

Photographs exhibiting the impedimenta to microBoopic resolution 
which are referable to diffraction and obfuscation and the improvement 
whicli ia effected in the liighly magnitied microscopic image by the 
employment of Gordon's device for opening up the beam in the image 
plane of the objective. 

Figs. A, B, C are photographs ohtaintnl by the aid of Gordon's micro- 
pbotographic apparatus usetl in conjunction vitb liisj tandem micrcracope 
giving ui)on the photographic plate an actual magnification of circ. 2,5W 
diameters and a magnification upon the retina that would be conven- 
tionally described {vide Cap. X, aubaect- 4) as a magnification of about 
7,500. * 

Fig. A, Group of typhoid bacilli imaged by Gordon's tandem 
microscope employed witliout the ground glass screen. To be noted 
are the shadows and difTrm^tion patterns of small particles of dtint 
lying on the eye lena {vide pp. 93-94 ; jip. 227-228 ; p. 233 and p. 238). 
We have here the factor which is contributed by the microscope to the 
' obfuscation and diffraction whinh mar the highly magnified microscopic 
buage. 

Fig. B, Photograph of the central portion of the entoptic picture 
depicted in Piate X. Fig. 5 {vide pp. U0-U2, p. 167, p. 228, p. 233, and 
p. 237). Tliis represents the fact-or which is contributed by tlie eye to 
the obfiLscation and diffraction wiiich mar the higldy magnilied nucro- 
ecopic image i. 
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Fig. C. A composite photograph of Fig. A and Fig. B. 

Owing to on accidental inversion of one of the platea, the right tide of Fig. B is in the 
composite superimpoeed upon the left side of Fig. A. 

This repreeents the combined contribution of the microscope and the 
observer's eye to the obfuscation and diffraction which mar the highly 
magnified microscopic image. 

Fig. D. Group of tjrphoid bacilli imaged by Gordon's tandem micro- 
scope employed with the ground glass screen at rest. We have here 
the highly magnified microscopic imc^ relieved from the blemishes 
(seen in C) which are referable to obfuscation and di£Eraction, but 
marred by the superimposed magnified image of the grain of the screen 
(vide pp. 236-237). 

Fig. £. Group of typhoid bacilli imaged by Gordon's tandem micro- 
scope employed with the ground glass screen in motion. The highly 
magnified microscopic image has here been relieved both from the 
blemishes contributed by obfuscation and diffraction and from the 
superadded blemishes referable to the superimposition upon the picture 
of the magnified image of the grain of the screen. 
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CHAPTER I. 



GENERAL CONSIDERATIONS WITH REGARD TO THE 
OBJECT PICTURE. 

Definition of the obfect picture — Cla^sifcalion of pictureg as outlint pielttfes, 
colour pictures, otiiUne and colour pictures, nnd pictures in relief respec' 
tii^ly — Prdimlnary c<miiideraiion of the respective advantages and dis- 
advitntugee of the different vari<:ti€s of pictures enunurated above — 
Advantages and disadvnntages of the different varieties of pictures from 
th€ point of tneif of the disclosure of objects which {hy retoson of their tninute- 
twas or distancB) subtend otiii/ a small angle at the retina — Advantages 
atxd dimtdi'anlages of the different types of pictures from ifie point of view 
of the disclosure of the configuration of the object in plan and relief — 
Adt^ntages and disadi'antages of the different types of pictures from 
the point of view of the disclosure of the internal structure of the object. 
Advantages and disadvantages of tlie different types of pictures from the 
point of view of their greater or kss liability to be vitiated by faliacy. 

1. Definition of the object picture. 

We may designate by the term object picture that system of 
radiant points which forms the original of the image which is pro- 
duced on the retina. Where an object is viewed by the microscope, 
the term stage piciure may conveniently replace the more generic 
t«rm object picture. 

2. Classification of pictures as outline pictures, colour pictures, outline 
and colour pictures, and pictures in relief respectively. 

Object pictures may be classified in conformity with the following 
considerations : — 

{a.} Objects may be defined by outlines alone. They may, 
according to circumstances, be delineated by black outlines on a 
bright field, or by bright outlines on a dark field. The corre- 
sponding pictures may be spoken of as '* outline pictures." ^ 

(6) Objects may be defined against a background by a difference 
of colour. The corresponding pictures may be spoken of as " colour 
pictures.** 

* Tliis is the tj^po of picture which Koch has, not altogether felicitously, 
designated the Strukturbitd—stTuctuie picture. 
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(c) Objects may be defined both by outlines and by a difference 
of colour. The corresponding pictures may be spoken of ^ cent- 
bined oiUline and colour ■pictures. 

The outline pictures and colour pictures spoken of in (a) and (6) may 
bo diatinguished from those here in question aa pure outline or jwre 
colour pictures respectively. 

(d) Objects may come into view as patches of dark and bright, 
the former corresponding to prominences and illuminated surfaces 
(understanding here by illuminated surfaces, surfaces which radiate 
light to the eye), the latter to hollows and shaded surfaces (i.e. 
surfaces which radiate no Ught to the eye). The corresponding 
pictures may, according as we are dealing with uncoloured or 
coloured objects, be spoken of as pictures in relief or pictures in 
colour mid relief. 

Figs, a, b, c, d and e, Plate I, furnish examples of the dark 
outline picture, the bright outline picture, the picture in relief, the 
pure colour picture, and the outline and colour picture respectively. 
Further examples of the first three are furnished respectively by a, 
h, and c, Plate III ; further examples of colour pictures by d, e, /, ff, 
and h of Plate III. 

We have familar every day examples of outline pictures in outline 
drawings in black on white and white on black. Ordinary artists' 
paintings and coloured transparencies would come under our head- 
ing of colour pictures. Leaded stained glass windows, and the 
daubs produced in the nursery by the superposition of colour on 
outline drawings, would constitute colour and outline jnctures. 
Photographs of statuary and of the surface of the moon, lit from 
the side in such a manner as to give a stereoscopic efifeet, furnish 
familiar examples of pictures in relief. 

B. Preliminary consideration of the respective advantj^es and dis- 
advantages ot the dlOeretit varieties of pictures enumerated above. 

A comparison of the respective advantages and disadvantages 
of the diflerent types of pictures enumerated above involves in 
each case an inquiry into the capacity of each picture : — 

(a) For rendering the object visible when it subtends only a small 
angle to the eye ; 

(6) For disclosing its configuration in plan and relief ; 

(c) For making manifest, in the case when it is transparent, its 
internal structure. 

id) For furnishing an image which shall not be Uable to 
erroneous interpretation. 
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We may consider the types of pictures above enumerated from 
these different points of view. 

4. Advant^es and dJsadvant^ges of the dlfTerent varieties of pictures 
from the point of view of the disclosure of objects which (by reason of 
their minuteness or distance) subtend only a small angle at the retina. 

The rcispective advantages and disadvantages of the different 
tjrpes of pictures from tlie point of view of the disclosure of elements 
which subtend a comparatively small angle at the retina will 
come clearly before the eye on turning to Plate I and setting up 
the book at progressively increasing distances from the eye. It will 
be seen that resolution will be lost in Figs, a and 6, where the 
elements are delineated by outlines, sooner than in Figs. c,d and e, 
where the elements are represented respectively, by patches of 
hgbt and shade, by patches of colour, and by patches of colour 
enclosed in outlines. 

Consideration will bring out the reason of these differences. 

In outline pictures, such as are furnished by Figs, a and &, the 
elements remain visible only so long as the diameter of the 
delineating outline subtends the necessary angle upon the retina. 

In piire colour pictures, such as are shown in Fig. d, the elements 
remain visible as long as their total diameter subtends that 
necessary angle. 

In the case of outline and colour pictures and in the case of 
pictures in relief, resolution will be lost somewhat sooner than 
in the pure colour picture by reason of the fact that the area of 
colour, or, as the ease may be, of illuminated or shaded surface, ia 
in each case less than the total area of the object. 

What holds true in the case of these figures holds true also 
generally. It holds true in the case of the bull's eye of a distant 
rifle butt. Here an advantage in visibility is secured by the substi- 
tution of a solid bull's eye, which subtends a comparatively large 
angle upon the retina for a bull's eye of similar dimensions defined 
only by an outline. It holds true also in connexion with the micro- 
scopic work where objects such as bacteria, which subtend even 
under high magnification only a small angle at the eye, are to be 
brought clearly into view. 

5. Advantages and disadvantages of the different types of pictures 
from the point of view of the disclosure of the conOguratlon of the object 
In plan and relief. 

Subject to the reservation which is made belowj^with'respect to 
the combined outline and colour picture, all the types of picture 
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which have been enumerated above may be said to define, in a 

eatiafactory manner, the configuration in plan of the object. 

In connexion with the combined colour and outline picture a 
difficulty may arise as to whether the proper contour is that which 
runs along the confines of the coloured area, or that which followa 
the perimeter of the outline. The nature of the difficulty will be 
clear to us if we call up before us the situation which would arise 
if it were proposed that craniometrical measurements should be 
made upon the heads of the saints as depicted in heavily leaded 
stained glass windows. We might here be in doubt as to whether 
the leaded outlines were to be excluded or included in the measure- 
ments. 

In the matter of their capacity for disclosing configuration in 
relief, important differences emerge as between the different types 
of picture. Bright outUnes upon a dark background furnish only an 
external system of exterior outlines, and give in conformity with this 
a picture entirely upon one plane. We have striking illustration of 
tliis in Figs, b, Plates II and III. The same defect attaches, though 
in a less conspicuous manner, to the dark outline picture. On com- 
paring Fig. a, Plate III, with Fig. c on the same Plate, it will be 
recognized that the eonliguration in reUef is only very incompletely 
brought out by a system of outlines. A cMour picture discloses in a 
more adequate manner the configuration in relief. To take a con^ 
Crete example the difference in the depth of the colour as between 
the centre and the periphery of the red corpuscles, as depicted in 
£L colour picture, would provide a satisfactory clue to the interpretation 
of their shape. But best of all from the point of view of the dis- 
closure of the configuration in relief is the picture in light and 
shadow, or, as we have called it, the picture in relief. Referring 
again to Fig. c, Plate III, we see that the concave shape of the red 
blood corpuscles is here directly enforced upon the attention. 

6. Advantages and disadvantages of the difTerent typ^ of picture from the 
point of view of th« disclosure of the hiternal structure of the object. 

When we come to realize, as we may here in anticipation, that 
dark outline pictures and colour pictures respectively as obtained 
with the microscope are in each case furnished by light transmitted 
through the object, while the picture in relief is obtained in part 
by the reflection of light from the external surfaces of objects, it is 
borne in upon us that the two former types of pictures will be 
appropriate for the disclosure of the internal structure as well as 
the configuration in plan, and that the latter type of picture will 
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disclose only the configuration in plan and relief — not the interna! 
structure. 

A comparison of the white blood corpuscles in Figs, a, e or h, 
Plate III, with the same corpuscles in Fig. o on the same Plate, 
will bring this point out cleariy. 

7. Advantages and disadvantages of the different types of pictures from 
the point of view of their greater or l^s liability to be vitiated by fallacy' 

Reference may be made here to two of the more important 
fallacies which come into consideration, 

A. Misprision of Focus. We may denote by the term mt^- 
prismn of focus the error we fall into when^ misled by the sharpness 
of the image obtained, we erroneously assume that we are focuased 
upon the object, and that the image which is under consideration 
furnishes a correct representation of the disposition of the radiant 
points in the object. This fallacy is incident in particular in the 
microscopic outline picture, which is, as we shall see, a picture pro- 
duced by reflection and refraction. 

We lapse into the fallacy of misprision of focus, 

(1) When we refer to one and the same optica! plane 
elements which are in reality disposed upon different optical 
planes. 

(2) \Mien we mistake for the system of radiant points which 
is positioned in the ob|ect itself^— we may speak of this as the 
fumiamenial picture — a system of radiant points — we may speak 
of this as the phantom or derivative picture — formed closer to 
the eye by the intersection of the rays proceeding from the 
radiant points aforementioned. 

{3) When, by reason of a defect of accommodation, or in 
the case where a microscope is employed by reason of its being 
focuased on a plane Ijang on the further side from the object, 
a geometrical pattern is represented upon the retina by a 
pattern of diffusion discs which reproduces the original pattern 
somewhat as a negative does a positive. 
The first variety of the fallacy of misprision of focus finds illus- 
tration — 

(a) In the fact that two systems of lines disposed in reality 
upon separate horizontal planes may, in the case where they cross 
each other at right angles, be interpreted by the eye as constituting 
a Bjstem of squares ; and 

(6) In the fact that oxalate of lime crystals present, as seen 
under a low magnifying power, the envelope-shaped appearance 
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which is represented in Fig. 1, Here the outlines which produce 
the characteristic stellate cross are in reality the delimiting 
outlines of two four-aided pyramids which project respectively 
upwards and doi^Tiwards from the optical plane upon which the 
external outlines of the figure are disposed, 

The second variety of the faUacy 

will find illustration in Experitnent 2 

below, and also in ExperiTnenU 4 and 5, 

Chapter V Bub-aec. 3. 

The third variety of the fallacy finds 

illustration in Ej^perintent 1 deacribed 

below. 



Fio. I. 



AM OXjILATE of calcium 
CHYSTAI., 



Experiment i. Turning to Plate II, 
Fig. e, dispose this first at a convenient 
distance from the eye, and then bring it 
nearer until its structure can no longer 
be seen in sharp focus. It will be observed that at tlie point at which 
accommodation gives out a process of inversion takes place, which gives 
us, instead of the pattern of dark discs included in white hexagons, a 
pattern of white discs included in dark hexagons. 

Experiments. Take now a pocket lens before t he eye and bend over 
the picture until the patt-ern conie-s into view in accurate focus. This 
done, carry the head closer to the paper until the picture is thrown out 
of focus. Tlie pattern will now, as in the laat experiment, be inverted. 
Now draw back from the paper beyond the point at which a focussed 
picture is obtained. The pattern of dark discs included in whita hexa- 
gon will once more give place to a pattern of white discs included in dark 
hexagons,* 

B. Subjective Colour Contrast. Whenever a coloured field 
is chequered in such a> manner as to furnish areas on which the 
ground colour is subdued by shade, colour contrast phenomena will 
manifest themselves given that the patches in question radiate 
uncoloured light to the eye. 

The practical importance of this fact in connexion with micro- 
scopic work will be recognized in a later stage. For the present it 
will suffice if the reader will turn to Plate II and will acquaint, or 



' This figure may be employed ea a convenient test for presbyopia or 
hjjpermetropia. Considered as a teat for these condjtionB, it presents the 
great advontago that the eritical eense of the patient will, provided that a 
perfectly regular geometrical figure is employed, be every whit aa well satiatied 
by tlie unfoCttBsed and " inverted " sa by the duly focussed and " UJiin%'erted '* 
image. 
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reacquaint, himself with the physiological phenomena which come 
here into consideration. He will find in Fig3. / and g, Plate II, dark 
outlines laid down in the one case upon a blue in the other case 
upon a red field. Viewing these outlines through the covering 
tissue paper/ it will be observed that they assume under the 
influence of the uncoloured light which radiates from this into 
the eye respectively a yellow and a green tint. In a similar 
manner, the dark margins of the glasB filaments represented in 
Fig. k assume, when looked at through the covering tissue paper, 
a distinctly yellow tint. These are only illustrations of the general 
law that where we have disposed upon a coloured field a darker 
area, this area will, under the influence of uncoloured light reflected 
from its surface, assume in each case a tint complementary to 
that of the enveloping field. 



^ The oflRee performed by the tissue paper is to render uniform the 
illumination all over the field. It will be realjsjpd that tlie tiinsue paiwr is 
made up of bright outstanding elements — ^the strands of the paper, end of 
sunken shaded elements-— the feneatrae between the fibres. In accordance 
with thie it spreada over the picture a network of lighti* and shadows which 
has the effect of lighting up the darker portions of the picture and of toning 
down the brighter portions. 

Any other device, which will in similar nmnnor equalize the brightness, 
will im equally effective in bringing out the colour contrast effects. Thus. 
when, on a blaekboard, we cover an area with coloured chalk and leave in 
the centre of thia area a vacant patch, the imposition of a film of chalk powder 
on this empty space will bring out the colour contrast upon it. 

In external nature mist, and in certain circumstances snow, take upon 
tlienisclvee the office of lighting up the shadows of the landscape and uf 
throwing up the colour contrast, iihenornena into prominence. (Vide 
Author's paper on " Colour Shadows," i^imteenth Vtntur^, 1897.) 
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DEVELOPMENT OF THE OBJECT PICTURE IN THE 
CASE WHERE OBJECTS ARE DISPOSED UPON 
A SINGLE OPTICAL PLANE. 

Section I. Macroscopic Objects : hiitoductory — Apparatus fequired for thi 
subjoined experhfHntJf — Arrangetmnts for obtainitii/ the differeni typ€.a of 
illuminatiGn Tcquired for the development of the outline nnd object picture 
^ETpcHmentg on the production and effacemtnt of otUlmes — Deductions 
from the above exj^eriments — Afanner in which ouUin^^ are produced and 
effaced — Inftuentx everted by the refractive index of the enveloping mediwn 
upon the developrnerU and suppression of outlines. 

Section II. Microscopic Objects : huroductory — Method of tnaking the 
apparatus required for the subjoined experiments — Experiments tvitk glass 
spherules and cylinders — Ex-periments vnih blood films — Comment on the 
above experifnenis — Experiments with stained blood films — lnf{itence 
exerted by the rvfraetive index of the envdopiwj medium upon the character 
of the object picture* 

Sectios I. 

EXPERIMENTS ON THE DEVELOPMENT OF THE OBJECT PICTURE 
IN THE CASE WHERE THE OBJECT IS VIEWED BY THE 
UNAIDED EYE, AND EXPLANATION OF THE MANNER IN 
WHICH OUTLINES ARE RESPECTIVELY PRODUCED AND 
EFFACED. 

1. Introductory. 

The conditions of visibility being, as we shall see as we go 
along, precisely the same in the case of the smallest objects made 
visible by the microscope as in the case of objects which can be 
Been by the unaided eye, we may conveniently begin by studying the 
conditions under which the object picture is produced in the case of 
euch macroscopic objects. 

2. Apparatus required for the subjoined experiments. 
Cyhndera and spheres of coloured and uncoloured glass will 

furnish convenient objects for experimentation. They will serve in 
6ome sort as prototypes of the coloured or uncoloured microscopic 
elements which are studied by the histologist and bacteriologist 



(a) Melhod of tnakhig the uncoloured cylindeta atid spherules required 
for the study of the object picture. 

An orduiarj' glass tcnJ supplies the material for makliig tlie imcoloured 
objects we require. 

Take a piece of gIass*rod, hold it in a flame, preferably in a blow-pipe 
flame, until it f uaea, then withdraw it from tlie source of beat and rapidly 
pull it out into a fine filament. The filament thus obtained will be a true 
cylinder. From audi a filament an accurately figured sphere can l'>e 
obtained by fusing its extremity in the fringe of a flame, allowing the 
melted glass to mould itself under the influence of surface tension.* 

(6) Jfetliod of making the col- 
oured glass cylinders and spherules. 
Select a pointod fragment of very 
deeply coloured window glass 
(avoiding ordinary ruby glass, 
which ia only flashed with colour), 
and fuse the extremity of the frag- 
ment In the flame. 

Having obtained in this manner 
a fused bead of coloured glass, seize 
this with a pair of forceps and. 
withdrawing the glass from the 
flame, pull it out into a filament. 
Introduce the coloured filament 
thua obtained into the fringe of a 
Bunscn flame, and allow the glass, 
aa before, to mould itself into a 
spherical aliape. 

3. Arrangements for obtaining 
the different types of Ulund nation 
required for the development of the 
outline and object picture. 

The form of illumination which is required for seeing the spherule 
in the forni of a picture in relief is obtained without any special 
arrangements. There H'ill in each case be patches of light refl!ected 
to the eye from the eurface of the spherule which faces the window, 
and in each case there will be an area of comparative shade on the 
far side from the window. 

The varieties of illumination which are required for the develop- 
ment of the other varieties of object pictures can be conveniently 




Fio. 2. 
SHOwma HKTHOD or HAKma a olass 

SPffEBUL^ FROM A. CtI.Aaa riLAKENT. 



* For the purposes of our experiments it will be convenient to etnploy 
spherules not leas than two nii)Umetera. in diameter and to leave in each case 
a portion of tlie filament attached in the form of a handle. 
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obtained by placing the spherules in position against the various 
radiani fields ' which are furnished on Plate I. 

4. Experiments on the production and eftacement of outlines. 

Experiment i. Taking hold of an unctjtoured glass spherule by its 
capillary stem, place it in position against a radiant field constituted 
by a white disc dii^posed on a black twickground. (Plate I, Fig. A). 

Screen off bo far as possible any light which may be incident on the 
up|jer surface of the object. 

Note that, when the spherule is held at an appropriate distance (say 
4-6 inches) from the illuminating field, it will appear as represented in the 
inset figure as a briglit object detineated by a dark outhne on & bright 
background. 

Observe also that the brendth of the dark outline diminishea and 
increases as the spherule is brought nearer to, or, as the case may be, is 
carried away fronii the radiant field. 

Experiment 2. Substituting now for the radiant field just employed 
a bright field enveloping a black disc such as is provided in Plate I, B, 
and again bringing the spherule into position at a suitable distance from 
the {^entral disc, observe that the sphere is now, as in the inset figure, 
delineated by a bright outline upon a black bat^kground. 

Experiment 3. Substituting again for the radiant field employed 
in Experiment 2 a homogeneous white field avtch asj is provided in Plate 
I, C, notice that the object ta no longer delimiited by any conapIcuouLs 
outline. It will now, apart from reflections from ita surface, be almost 
indistinguiahable from the background. 

Experiment 4. Substituting for the black and white fields employed 
in Experiments 1-3 a parti -coloured illuminating field consisting of a 
blue disc mounted centrally on a red field, as provided in Plate I, D, 
plate the object in position at a suitable distance from this, and note 
that it appears, as shown in the inset figure, as a blue object deUneated 
upon a blue background by a red outline. 

Experiment 5. Place the sphere in position against any brightly 
coloured illuminating field (e.g, a blue field or a red field), hold it some 
little distance away, and shade off, as you do so, from ita surface the 
colourless Hght which may otherwise fall upon it, and be reflected from 
it to the eye. Note that the spherule is now seen as a blue or red 
element delineated by a dark margin on a field of , blue or red 
(Plate III, Figs, / and ff). 

Experiment 6. Now allow a light from a window to fall upon the 
sphere, and note tliat the outline, instead of being black, is now, oh is 
the case when Fig.^. / and g are viewed through the covering tissue paper, 
tinted with the colour complementary to the colour of the illuminating 
field, i.e., as the case may be with yellow and green. 



' These may be prepared for class itistructiod purjip.w8 by punching out, 
by means of a cork cutter, discB from while, black, and coloured paper respec- 
tively, and itiounting these on appropriate backgrounds. 
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5. Deduetions from the above experiments. 

We have learnt from the above — 

(a) That where a spherical object possessing a high refractive 
index is illuminated from a Ught source of limited extent placed at 
some distance behind it on the axis of vision, we have in the retinal 
image an object delimited by a dark outline upon a bright field. 

{&) That when the highly refractive object is illuminated from an 
enveloping radiant field, we have in the retinal image an object 
delimited by a bright outline upon a dark field. 

(c) That where the spherule is illuminated both from a light 
source placed directly behind it and from a light source which 
radiates light upon it from every side, the retinal field is blank. 

Consideration of Fig. 3 below will show that the blank picture 
obtained in Experiment 3 supra ie a composite of the picturea 
obtained tn Experiments 1 and 2. 

A B 



Fio, 3. 

BER^'tKCl TO 1LHJ3THATE THE FACT THAT A BLAKK PICTTJBE IS OBTAINED 
BY THE IMPOSITION Or A *' BRIGHT OXJTLrSE PltrTUBE " UPON A " DAKK OXJTLINB 

plCTUaE.'* 

The superposition of the bright central disc c of A upon the dark 
central disc c' of B, give^ us the bright central disc in the 
composite image of A and B, 

The bright annulus h' in B, superposed upon the dark annulua 
h in A, gives again a bright marginal annulus in the composite image 
of A and B. 

Lastly, the bright field a in A, superposed upon the dark field 
a' in B, gives us a bright field in the composite image. 

The lessons learnt from the three first experiments are enforced 
by the lesson of Experiment -4, It is here brouglit clearly before 
the eye (o) that the light which radiates into the pupil from the 
central area of the sphere and from the surrounding field is light 
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■whose source is to be found on the visual axis directly behind the 
object, and (6) that the light which radiates into the pupil from the 
marginal area of the sphere is obliquely incident light derived from 
the outlying regions of the illuminating field. 

6. Manner in which outlines are produced and suppressed. 

We pass to consider why the radiant points which constitute the 
object picture arrange themselves in Experiment 1 in such a manner 
as to leave a dark annulus round the margin of the object ; in Experi- 
ment 2 in Ruch a manner as to furnish a bright annulus ; in Experiment 
3 so as to furnish a blank picture, and in Experiment 4 in such a 
manner as to furnish a red outline on a blue field. 

We shall most conveniently deal with this problem by con- 
ceiving of the light projected upon the spherule as consisting in 
each case of a system of parallel raya, derived, as the case may be, 



Fin, 4. 

SHOWIKO THE MASNEB IN WHICH TUE ** I>iLRK DCTLINE PlCrCUl " 

13 rBODucet>. 

from a light source disposed immediately behind, or as the case 
may be eccentrically behind, the object. 

(a) Formation of dark outlines in the case of a highly refractin^g 
atf-en^elopid spherule iUuminaied by central white disc disposed on a 
dark fleUl. 

Figure 4 iUustratea the formation of dark outlines in the ease 
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of an air-enveloped spherule upon which is projected a pencil of 
rays running parallel to the axis of vision. 

In the optical section which is here in question four aets of mys 
lettered a, 6, c and d resptectively come into consideration. The 
rays a, passing as they do wide of the glass sphere, give origin to a 
system of points a' a', which radiating into the eye produce the 
bright object field against which the dark outline of the spherule 
is defined. 

The rayg b and c are in part reflect^ away from the outer sur- 
face of the spherule, in part they pass into the spherule undergoing 
refraction as they enter. The refracted component of c along with 
the axial ray d, which passes through the spherule undeflected, are 



Flo, B, 

SHOWDfO THE HAHKEB IN WHICH THE '* BMQBT OnTLtSE PICTtTKE '* 
IS PRODUCED. 

received into the eye forming the bright central area of the spherule. 
It will be seen that the gap a* to c' — c' being the point upon the 
equator upon which the ray c is projected from the eye of the 
observer — corresponds to the dark marginal area which delimits the 
spherule. 

{6} Formation of bright outlines in the case of a highly refracting 
air-envdoped spherule illuminated by a bright field surrounding a 
central durk spot. 

Figure 5 illustrates the manner in which bright outlines are 
produced in the case of a glass sphere, enveloped in air, and illumin- 
ated by a corona of obliquely incident light such as is projected 
upon the sphere when placed iu position against a black central 
disc mounted on a white field. 
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Again, the incident rays which come into consideration are 
represented as pencils of parallel rays. The component rays are 
designated on each aide respectively by the letters a', &', c', d, c, 
&, a. 

The rays d and d %vhich pass through the centre of the sphere, 
and on either side the rays c and c', which traverse the central as 
digtinguished from the peripheral regions of the sphere, fall out- 
side the field of view of an observer who looks down upon the sphere. 
As a result, the central region of the sphere is dark in the retinal 
image. 

The rays a', a which pass to one side and the other of the sphere, 
fall in the same manner out of the field of view, leaving the 
field of the image dark. 

There are, however, as the diagram makes clear, other rays 
which enter the observer's pupil. There is on either side the re- 
fracted component of each of the rays 6 and b. This, as will be seen, 
is bent up in such a manner as to enter the pupil of the observer. 
There is further on either side the reflected component of the rays 
b' and b', which is bent upwards by reflection from the external 
surface of the sphere. 

The refracted and reflected components of b and b\ on either 
side, mutually aiding each other, give origin to the bright out- 
line which delineates the spherule. 

(f) Suppreasion of the outlines in the ease of a highly refracting 
air-enveloped spherule illuminated by a eoTnhination of axial and 
oblique rays. 

Figure 6 exhibits in a simpUfied form the conditions we have 
to deal with when an object is illuminated by a homogeneous 
illuminating field which we may for our purposes regard as sending 
out a centrally disposed pencil of axial and parallel rays and two 
beams of parallel and obliquely incident rays. 

The blank image obtained under these conditions is, as has 
already been explained, the result of the imposition of the image 
produced by the oblique rays upon the image produced by the 
axial rays. The manner in which this is achieved will be realize d 
by noting that in the diagram the components of the obliquely 
incident beams which come into consideration in connexion wit h 
the formation of the bright outlines are projected back by the 
observer into the marginal gap (a' to c') on the equatorial plane, 
which constitutes in the case where only axial illumination is em - 
ployed the dark outline which envelopes the spherule. 
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(d) Develofnnent of the rtd outfine on the blue ground in the case 
ivhere a highly refracting air-enrehped sphemle is illuminated from 
a central blue disc disposed on a red ground. 

Fig. I, Plate V, which will be understood without verbal gloss, 
sets forth to the eye the Tnanner in which the red outline and blue 
field are obtained in the case where the spherule is in position 
against a parti-eoloured radiant field. 

7. Influence exerted by the refractive index of the enveloping medium 
upon the development and suppresiou of outlines. 

Although it will already have been appreciated that the deflec- 
tion of the incident ray — which is, as we have seen, the essential 
precondition of the development of outlines—depends upon 
the immersion of the object in a medium of different refractive 



Fio. t». 

BHOWIHO THE MASEEH IS WHICH THE OUTLINEH ABB OBLTTEaATED. 

index, it i^tU none the less be useful specifically to draw attention, 
to the influence exerted by the refractive index of the enveloping 
medium upon the development of outlines. The foUoiAing experi- 
ments may be undertaken : — 



Experiment i. Take a series of flat- bottomed watch-glagseB. Keep- 
ing one of tliese empty, fill in the others in series with alcohol, water, 
50 per cent, glycerine, and Canada balsam, 

Introduce into each watch-glass an uncoloured glass spherule, and 
employ in each case that form of illumination which is most favourable 
to the development of a dark, or. bs the case may be, of a bright outline. 

o 
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In other words, employ in the first case a small bright disc, or point 
source of light, disposed on a dark background, and in the latter case a 
bright field surrounding a black disc. 

Note that as you pass from the enveloping medium of the least 
refractive index — air — to the enveloping medium of the greatest refract- 
ive index — Canada balsam — tlie outline of the spherule becomes more 
and more attenuated, until the object is practically invnsibie even 
when the conditions of illumination are those most favourable to the 
development of outlines. 

Experiment 2. Hold a watch-glass in position in each case against a 
parti-coloured illuminating field. Note that when reflection and refraction 
have been abolished by the mounting of the object in a medium of equal 
refracting index, it is no longer possible to achieve the delineation of tlie 
spherule by a red margin on a field of blue. 

Experiment 3. Introduce into each of the four watch-glasses a 
coloured spherule, and illuminate it as in Exprrimtni L 

Note that we obtain in the first of the series of watch-glaasea an 
outline and colour picture in which the colour element is overborne by 
the outline, while we obtain in the second and third watch-glasses a 
progressively purer colour picture, and, finally, in the fourth watch'glass 
a perfectly pure colour picture. 

Experiment 4. View the coloured and uncoloured spherules con- 
tained in the three last watch-glasses in each case against a uniform 
radiant field- 
Note that under the combined illumination by axial and oblique rays 
which is thus achieved, the outlines are in each case attenuated and the 
colour picture 'm brought out in greater purity. 



Section II. 

EXPERIMENTS ON THE DEVELOPMENT OF THE OBJECT 
PICTURE IN THE CASE WHEN THE OBJECT IS VIEWED 
WITH THE MICROSCOPE. 



1. Introductory. 

The conditions, under which the o6;ec< picture or, as we shall 
henceforth more frequently call it, the stage pieture is developed in 
the case of objects which are to be imaged on the retina by the 
aid of the microscope, are, as has already been intimated, precisely 
the same as those under which the object picture is developed in the 
case of macroscopic objects imaged on the retina without the aid 
of any magnifying system. 

In setting forth below a series of experiments which make this 
clear, it will be convenient to assume that the reader has made 
himself familiar with the method of focussing the sub-stage con- 
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deoaer, and of developing in the optical plane oceupied by the 
microscopic object, as the case may be — 

(a) A system of luminous points radiating light along the 
optical axis of the microscope, and in each ease outwards from that 
axis through a em&U angle. 

This form nf illumination may, without serious inaccuracy, be t«k*n as 
equivalent to that which would be obtftined from a pencil of rays ninniug 
parallel to the optical axis, euch as waa postulated in Cap. II, Sect. I, 
subKC, 6, (a), supra, 

(b) A aystem of luminous points radiating light through a 

narrow angle along an axis disposed obliquely to the optical axis 

of the microscope. 

Such a form of illunimation would be equivalent to illuuunAtion by a, 
beam of obliquely incident parallel rays, 

(c) A system of luminous points radiating light in each case in 

the form of a hollow cone in all directions at a considerable angle to 

the optical axis of the beam. 

This form of illumination would, in the case of an object encompassed 
by aueh radiant ixiints, be equivalent to the illumination by a corona of 
obliquely incident raya. 

{d) A system of luminous points radiating light, both along the 

optical axis of the microscope, and outwards from this through a 

considerable angle, in such a manner as to form a wide-angled solid 

cone. 

This form of illumi nation would be equivalent to the combined illumina- 
tion by pencils of axial and oblique rays. 

(e) A system of luminous points radiating light of one colour 

along the optical axis of the beam and outwards at a small angle 

from this ; and light of another colour at a greater angle to the 

optical axis of the beam in the form of a hollow cone- 

This form of illumination would be equivalent to the illumination of the 
object by such a parti-coloured radiant 6eld as waa employed in Experimenl 
4 in Cap. II, Sec. I, subset. 4. 

2. Method of making the apparatus re<)uired for the subjoined expeii- 
ments. 

A parti-coloured stop,' such as that represented in Plate I, Fig. E, 
3, is required for the experiments* Further simple-coloured stops, 



• Parti'Coloured stops, made as described overleaf, have been regularly 
employed by the author in his practical claESea for the last twelve, or more, 
years for the purposes for which they are employed in this book, 
Rhcinberg, independently taking up and developing tlie subject of Ulnmin- 
ation by differentially colourtd light, has in his paijcrs (Jowrna/ o/ the 
Jtoynl Microscopical Society, 18S6 and 1899 and elsewhere) called attention 
to many interesting applications of jiarti-eoloured stops. 
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and in the case where the microscope is not ah-eady equipped with 
these, an annular stop, and a central spot stop (Plate I, Fig. E, 
2 and 1) will be required. 

{a) Melltod of making the sub-stage stops. 

Parti-coloured stop. — Soak two pieces of filter paper, the one iu a solution 
of eosiue, the other in a solution of methylene blue. .4fter drying them 
thoroughly, punch out by the aid of appropriate cork-cutters from the 
blue filter paper a diau about 1 cm. to 1*5 cm. in diameter, and from the 
red paper a disc about 2-5 cm. in diameter. From the centre of the 
red disc punch out again a disc of the same diameter as the blue disc. 
Now mount the red annulua thus obtained on an ordinary microscopic 
shde in a drop of Canada bakam, fit into it the blue disc, and, taking 
care that there is plenty of balsam, cover the whole with a cover^glasa, 
keeping the preparation clear of bubbles of air. 

Singh'cohiired stops. — Place a drop of a solution of eosin, methylene 
blue, or other aniline dye on a microscopic slide and cover it with a 
cover-glass. 

Anmtltir atid. central spot stops. — Tlieae are simple wings and discs 
cut out of black paper by the aid of cork cutters. 

3. Experiments witb glass spherules and eylinders. 

Experiment i. Mount an uncolounxl glass spherule similar but 
smaller than those in the exi)eriments employed in the preceding section. 
in a thin watch-glass containing a sufficiency of water to secure complete 
immersion. Place this watch -glass on the stage of the microscope. 

Now fit to the microsco^ie a 1-incli or other low power objective 
and focus down upon the spherule. Then by the method described in 
Cap. XIII, subsec. 4, focus the condenser upon the equatorial plane of the 
glass spherule. Thbt done place beneath the aperture of the condenser 
the annular stop represented in Plate I, Fig. E, 2, or, as an alternative, 
close down the aperture of the iris diaphragm till it transmits only 
a comparatively narrow cone of light. 

Note that the splierule is now, as was the case in Experiment 1 , Cap, 
II, Sec, I, subsec, 4. supra, outlined by a dark margin. {Plate II, Fig. c.) 

Rack down the condenser, and note that, as the beams wliieh fall 
upon the spherule become narrower and narrower by the elimination 
of the more obliquely incident rays, the outline becomes broader and 
broader. The condition;^ niU now be precisely analogous to those in the 
experiment above referred to, where the sphere was carried away to a 
distance from the white central dLac, which functioned as the source of 
illumination. 

Experiment 2. Bring up the condenser again into focus upon the 
equator of the spliorule. Opening wide the iris diaphragm, place cen- 
trally under the condenser a black spot stop such as is represented in 
Plate I, Fig. E, 1. and screen off with the hand the light which is incident 
on the upper surface of the object. Note that the spherule is now, en 
in Experiment 2, Cap. II, Sec, I, subset. 4, outlined on a dark field by a 
bright outline. (Plate II, Fig. fr.) 
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Rack down the condenser, and note that the bright outline fades out 
as those components of the beams which emerge from the peripheral zone 
of the condenser now intersect below the level of the microscope stage 
and go wide of the apherule (c/. Figs. 73 and 90). 

Experiment 3. Re-focua the condenser upon the equator of the 
spherule and remove all stops. Note that the spherule is, as in the case 
of Experiment 3 In Cap. II, S&c. 1, jufiacc. 4, now very fahitly 
outlined, (Plate II, Fig. a.) 

Experiment 4. Rack down the condenser until i ts upper face i&, say, 
about an incli below the level of the microacope stage, and place centrally 
under the conden,ser the parti-coloured stop whose preparation has just 
been described, Now screen off with the hand the light which is incident 
upon tlie upper surface of the spherule. Note that the spherule is now, as 
in Cap. II, Sec. 1, subsec. 4, Experiment 5, aeen as a blue object 
outlined by a dark margin on a field of blue, (Plate II, Fig, /.) 

The effect in the present case is, as will appear on referring to 
Plate XII, Fig. 2, duo to the circumstance that the blue central element of 
the beams which issue from the condenser here alone impinges upon the 
spherule, the red rays from the periphery having intersected below the 
level of the stage and gone wide. 

Experiment 5. Maintaining the coloured stop under the centre of 
the aperture, re-focus the condenser and again shield off with the hand 
the light falling on the upper surface of the spherule. Note that the 
spherule will now appear, as in Exp. 4, Cap. II, Sec. I, subsec. 4, as a 
blue object outlined with red on a field of blue. (Plate II, Fig. h.) 

The new effect is. as will lie clear from examination of Plate V, Fig, 1, 
due to tlie fact that the red rays frotii the peripheral zone of the 
condenser now impinge upon the focal plane on which the spherule is 
disposed, and are now, by the refracting and reflec;ting action of the 
spherule, carried upwards into the objective. 

Experiment 6. Keeping the parti -coloured diaphragm in position, 
or employing in lieu of this a single blue stop, now make provision for 
reflection of light into the objective from the upper hemisphere of the 
sphenile. This may be most easily done by bringing the object as it 
lies on the stage of the microscope either into direct suiilight or into 
the full light of a lamp. 

Now regulate the diaphragm in such a manner as to balance so far as 
may Impracticable the transmitted light against the light reflected from 
the upper surface of the sphere. As soon as the balance has been eMab- 
liahed between these, upper and lower, lights, the marginal area of the 
sphere will a*!.<iume by subjective contrast a yeUow coloration, i.e., a 
coloration complementary to that of the field. 

If the peripheral red portion of the parti-coloured stop, or in lieu of 
this, a single red stop, Ije now disposed under tlie aperture of the sub- 
stage diapliragm, the field and centre of the spherule will be red and 
the marginal area will be blueish green. 

On shading off the upper light and suddenly readmitting it, the 
dependence of the coloration of the marginal area upon the reflection 
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of light from the upper Ueinisphere of the spherule becomes very m&tiifeat 
to the eye. 

It may b« noted that the conditions of illumination, which are estab- 
Ushed by the lighthig up of the upper surface of the glass spherule 
in the abovei experiment are exactly the same as those which are eatab- 
lished in connexion with Figs. / and g, Plate II, when these are seen 
tlirough the covering layer of tiasue paper. When the figures are viewed 
in this way, it will I>e found tliat the dark outlining margin of the sphere 
■will appear as yellow or bluoish green respectively, according as it is 
laid down on a field of blue or, as the ca,3e may be, of vermilion. 

4. Experiments with blood Qlms. 

The above experiments with glass spherules may conveniently 
be supplemented by experiments with blood films. 

Prejmration of dried blood fihns. Blood films can be prepared 

in the following manner : — 

Place a small drop of blood on a microscopic slide which has been 
roughened by rubbing with verj' fine emery paper.*^ Bring down upon 
the drop of blood the edge of arvother slide, holding the second slide at 
an acute angle to the first. Wait then till the blood has run about three- 
fourtlis of the way across the slip spreading out between the angle on 
the slides, then draw the upper slip along the surface of the lower one 
with a steady movement, dtnuniahiiig the angle between the slides when 
too thick a film is left behind, increasing the angle when that film is too 
thin ; and allow the film t<t become air-dry. 

Experiment i- Take such a dried blood-fiiro, place it upon the 
stage of the microscope, shutting down the iris diaphragm under the 
condenser, and project upon it in this manner a ayHtem of beams of very 
narrow angular aperture. 

Examine the preparation with a low power objective and a high 
ocular. Note in particular the following points : — 

B>!ii blood corpuscles. — Those are seen as a combined outline and 
colour picture, each red blood corpuscle appearing as a pale yellow element 
outlined with a heavy dark margin. (Plate III, Fig. a.) 

Note that this margin appears by subjective colour contrast some- 
what blueisli when light is reflected to the eye from its surface. 

Internally to this there is developed a bright annulus. The centre 
of the corpuscle is occupied by a darker area. From these data we may, 
by a process of inference which we shall hereafter have to consider, 
arrive at the conclusion that the red blood corpuscle is a highly refracting 
element possessing the configuration of a bi-concave disc. 

White blood corpusdf.f. — Tliese are seen as colourless elements out- 
lined by margins somewhat less dark than those of the red blood cor- 
puscles. In the interior of the corpuscle there can be discovered on 
careful focussing another system of outlines marking out, on the hyaline, 
or, as the case may lie, finely granular, background of the corpuscle, one 
or more highly refracting elements. 

' The most suitable emery paper j^ that known in the trade as Hubert 00» 



OBJECTS DISPOSED ALL ON ONE PLAN^ 



23 



I 



The external outlines here in question correspond to the margin of 
discs into which the spherical white blood eorpuscles have been con- 
verted during the making of the film. The internal system of outlines 
delineate*! & simple or, as the ease may be, a fragmented nucleus. 
The uniform or finely mottled ground of the corpuscle corresponds 
to a I ly aline or, as the case may be, to a finely granular cellular 
protoplasm. 

Other formed elements. — Brightly refracting objects scattered here 
and there through the field, furnish indications of the presence of blood 
platelets. 

Experiment 2. Focus the condenser upon the preparation, and then, 
opening wide the sub-stage diaphragmj place underneath its aperture a 
central spot stop. 

The appearance of the specimen, seen under a low objective and high 
ocular, will now be as in Plate III. Fig. b. Note that nothing can be 
made out with regard to the configuration in relief of the corpuscle. The 
stage picture as in Plate H appears perfectly flat. 

Experiment 3. Keeping tlie condenser in focus on the preparation, 
remove all .stops. Note that all the outlines are now effaced, with the 
result that the white corpuscles are rendered almost invL*iible, while the 
red blood corputucteiS appear now only as palhd, flattened yellow discs. 
(Plate III, Fig. (i.) 

Experiment 4. Without altering the vertical height of the con- 
denser, throw it considerably out of centre, as shown in Plate XII, 
Fig. 1, or alternatively block out all the light except that which is 
transmitted from a small area on its extreme outer edge. 

When an isolated lieam of appropriate obliquity has in this mamier 
been projected upon the blood preparation, a picture in relief such as 
that represented in Plate HI, Fig. c, will l>e brought into view, and 
the heights and hollows of the red blood corpuscles will stand out in 
st«reo3copic relief, The white blood corpuscles will be seen as alabaster- 
like discs upon which is imprinted, or, as the case may be, moulded as in 
bas-relief, the form of a nucleus. 

S. Comment oti the above experiments. 

The foregoing examples have furnished us with illustrations of 
alt the different varieties of stage pictures. 

Experimeni I has furnished us, in the case of the hyaline white 
blood corpuscles, with examples of the pure outline picture, and in 
the ease of the red corpuscles with examples of the combined 
colour and outline picture. 

Experiment 2 has furnished us with an example of dark grcund 
illumination ; that is, of an outline picture in which objects are 
delineated by bright outlines on a dark background. 

Experiments 4 and 3 have furnished us respectively with examples 
of the picture in relief, and of the pure colour picture. 
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The colour picture obtained (Plate III, Fig. d) was luanilestly 
defective in many respects. It was defective, in the first place, in 
the respect that the whit« blood corpuseiea were unrepresented in 
the picture. It was defective, further, in respect that the colora- 
tion of the red blood corpuscles was too pallid to bring out clearly 
their configuration in plan, or to tell us anything about their 
configuration in relief. 

The defects which have just been pointed out are remediable by 
staining. 

6. Experiments with stained blood Alms. 

One of the best of aU methods of staining blood films is Leishman's 
modififatioii of Romanovsky's method. The, staining procedure is 
carried out aa below : — 

Method of preparing a stained preparation of blood. 

Take a dried blood film and pour over it a few drops of Leishman's 
staining; fluid. After waiting for a few seconds, dilute the st^aiu with 
somewhat leas than an equal volume of water. Allow the diluted stain 
to remain upon the specimen for two to three minutes, then wash off 
the dye with distilled water, and allow the distilled water to exert ite 
action for the space of one to two minutes. Tliis done, dry off the water 
by pressing down a piece of filter paper upon the specimen, and allow 
the drying procci^s to complete it-self without resorting to heat. When 
perfectly dry, mount the specimen under a cover-glaisa in Canada balsam, 
or, dispensing with the cover-glass, in cedar wood oil. 

Experiment I. Plaee a film stained by the procedure just described 
upon the stage of the micro&co|ie. Illuminate it with a fully open 
focussed condenser, and bring it into view under an oil immersion lens. 

The appearance of the specimen will now bo as represented in 
Plate III. Fig. €. 

It will be noticed with regard to the red blood corpuscles that for 
their natural paUid yellow tint there b now substituted a saturated pink. 
Owing to the greater density of tliis coloration, there is now a sensible 
diiference in light absorption as between tlie central area and the margin 
of the corpuscles, This reveals the fact that the corpuscles are hollowed 
out in the centre. 

In tlie case of white blood corpuscles, the nucleus which was in the 
case of the unstained blood films either invisible or only indistinctly visible, 
now stands out as a densely stained puqile element from the cell proto- 
plasm, which is variously coloured accoi-ding to the type of white blood 
corpuscles which is being dealt with. In the case of the polynuclear 
variety of white corpuscle that protoplasm — itself practically colourless 
— is seen to enclose a number of very fine red stained granules. In the 
case of a large mononuclear corjjuscle, tlie cell protoplasm is stained a 
hght blue and is doubtfully granulated. In the case of a small rnono- 
nuclear corpuscle, the rim of protoplasm is stained a saturated blue. 

In addition to the red and white blood corpuscles, there are now 
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brought into view in the preparation also smaller formed elementa — the 
so-called blood platelets. These are, as shown in the figure, stained in 
a characteriatio manner. 

Experiment 2. Make the s&me dispositionB as in Cap. II, Sec. 
II, suhsec. 4, Ex^periment 4. Note that the coloured red blood corpus- 
cles again stand out in stereoscopic relief, Note that while the configura- 
tion of the red corpuscles is brought out in a very striking manner, the 
nuclei of the white blood corpuaclea have been rendered invisible. 

Several important additional points in connexion with the object 
picture developed in the foregoing experiments may conveniently be 
taken into consideration at this stage. 

7. InHuenoe exerted by the refractive Index of the enveloping medium 
upon the character of the object picture, 

It has already been realized in Cap. II, Sec. I, Subsec. 7, in con- 
nexion with the experiments undertaken with glass spherules as 
viewed by the unaided eye^ that the breadth of outline depends in 
each case upon the refractive index of the enveloping medium, and 
that the complete effaeement of the outlines, wliich is the sine qm 
tion of the attaiimaent of a pure colour picture, can never be com- 
pletely realized apart from the mounting of the spherules in a 
medium of equal refractive index. The lessons just referred to may 
be re-impressed upon the mind by comparing under the microscope 
uncoloured specimens of blood corpuscles, mounted respectively in 
air, plasma, and Canada balsam, with coloured specimens of blood 
mounted in the same enveloping media, and again with glass sphe- 
rules mounted in the same enveloping media. 

Experiment i. Place ready to hand (a) a dried blood film mounted 
simply in air, (6) a moist tilm made by spreading out a drop of fluid 
blood under a cover glass, and {c) a dried blood i51m ftxed by momentary 
immersion in a saturated solution of corrosive sublimate, washed, dried, 
and finally mounted in Canada balsam. 

Search these specimens in turn for white blood corpuscles, and note 
tliat in the case of the air-mounted specimen these are easily found, 
while in the plasma-mounted preparation the white blood corpuscles 
are much less clearly outlined, and are proportionately more difficult to 
find, the small mononuclear leucocytes in particular being almost in- 
visible. Finally, in the Canada balsam specimen the leucocytes are quite 
invisible, even in the case where the sub-stage diaphragm is reduced to 
the dimensions of the pin point. 

Experiment 2. Compare an air-mounted stained blood film with a 
similar film mounted in Canada bakam. Note that, while, in the former 
case the dark outlines can, even with the most careful adjustment of the 
illumination and the most careful focussing of the condenser, only with 
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difficulty be abolished, in the latter case a pure colour picture ia obtained 
without any special adjustment of the illumination. (Plate III, Figs. 
d—h.) 

Experiment 3. Place upon the stage of the microscope in succession 
spherules mounted respectively in air, water, 60 per cent, glycerine, 
and Canada balsam. Note that while in the first case the dark outline 
occupies a considerable area of the spherule, it has shrunk in the 
case of the Canada balsam specimen to such extreme tenuity that 
the presence of the sphere almost escapes observation. (Plate II, 
Fig. a.) 



CHAPTER III. 

DEVELOPMENT OF THE OBJECT PICTURE IN THE 
CASE WHERE THE ELEMENTS, WHICH ARE 
VIEWED BY THE UNAIDED EYE, OR, AS THE CASE 
MAY BE, BY THE MICROSCOPE, ARE PILED ONE 
UPON THE OTHER 



Introduciory — Experiments on the conditions which determine the fraiMlMMiJ9n 
of light Virough a number of superposed objects — Familiar examples of the 
dependence of opacity upon refraction ayid reflection of light from 
translticent ekmenis, and of transparennj upon the aboUtion of #«cA 
refraction and rejection — On tJic dejxndence of ojxicity in the case of 
microscopicftl ineparationa upon tite refracting and refhcting properties of 
tk€ conntituent elements — Deductions from the foregoing experiments — 
Method bij which refraction and surface refteefions majf fee abolished, and 
transparency secured, in the case tohere the interstices of a tissue are already 
fiUed in trith uxiter. 

i. Introductory, 

Up to the present we have considered only the case of objects 
disposed upon a single plane. In connexion with all ordinary 
microscopic preparations, we have to deal with microscopic elements 
superposed one upon another. When we are dealing with these, 
the problem arises aa to the nature of the disturbance which will 
result from the interposition of objects which reflect and refract 
light between the source of the illumination and the object or, 
as the case may be, between this last and the objective. 

2. Experiments on the conditions which determine the transmission 
ot light through a number of superposed objects. 

Experi ment i. Take a piece of glass tubiug about three centimetres 
in length and one and a half t-entimetrea in diameter, and cement it 
down upon an ordinary microscopical slide in such a mamier as to make 
a cylindrical cell. Introduce into the cell thus constructed either (a) 
a number of glass spherules made by the procedure described above, or 
(6) a number of colourless glass beads previously cleaned with acid, so 
as to render them perfectly transparent, or [c) glass wool, or (rf) powdered 
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giftss. This done, pass a needle imder the floor of the ceU, and observe 
that the contents of t)xe cell completely hide it from view, in spit© of 
the fact that in each case these objects have been fashioned out of a 
tranapareat substance. 

Experiment 2. Fill into the cell glycerine or any fluid of high 
refractive index. Note that the contents of the cell, after they have been 
stirred up, or warmed, in such a manner as to get rid of any intercepted 
air bubbles, become transparent, and that the needle can now be clearly 
seen tlirougb the interposed objects. 

The explanation of the opacity of the contents of the cell, jn the 
case where the interstices of the separate elements were filled in 
with air, and of the transparency which results from the filling in 
of^he interstices with a fluid of high refractive index is — as will come 
out clearly on comparing Figs. A and B, Plate IV — due to the 
circumstance that in the first case the rays of light are deflected 
and turned back by the intervening objects, while in the second 
case they pass through undeflected. 

The following experiments will serve to demonstrate this to the 
eye ;— 

Experiment 3. Take aa before a glaas cell whicli has been filled in 
either with colourless glass spheres, beads, glass wool, or powdered 
glass. Place the cell either in direct sunlight or in such a position that 
the hght of the lamp falls upon it. Interpose now a sheet of ruby glass 
between the source of light and the cell. It will then Ije seen that the 
red light which is projected upon the surface of the cell, indtjead of making 
its way into the depth, is deflected in part outwards through the wall of 
the cell, and m part directly back in the direction of the source of 
hght. 

Experiment 4. Repeat the above experiment with a cell in which 
the interstices between the glass spheres have been filled in with fluid 
whose refractive index aboHnhes refraction and reflection. The red rays 
will now pass through undeflected, and can be brought into view either 
by placing a piece of white paper underneath the cell or more simply by 
holding the cell before the eve and looking through it towards the source 
of hght. 

Experiment 5, Fill into a tumbler or beaker a Uttte solution of 
soap and blow into it through a g!aj=is tube until the vessel is filled with 
bubbles. Cover in now with a piece of coloured glass, and bring the vessel 
into the full light of the lamp. Kote that the coloured light fails to 
penetrate the froth, and that it is thrown backwards and outwards by 
reflection and refraction, 

3. Familiar examples of the dependence of opacity upon refraction 
and reflection of light from translucent elements, and of transparency 
upon the abolition of such retraction and reflection. 
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Falling snow as seen by an observer looking upwards appears 
dark. This is due to the circumstance that the light which is 
incident upon the upper surface of the snowflakes is from these 
reflected back to the sky. 

When the relative positions of the observer and the snow ciystala 
are reversed, and the interstices are, as before, occupied by air, the 
snow is, by reason of reflection, of an opaque white. 

As enow thaws, and reflections are abohshed, by the entrance of 
water into the interstices between the flakes, snow loses its white- 
ness and opacity. 

4. On the dependence of opacity in the case of mjcroscopical prepara- 
tions upon the refracting and reflecting properties of the constituent 
elements. 

Wliat holds true in the case of the glass spheres, the soap bubbles, 
and the snow crystals inust, as consideration will show, hold true 
also of sections and other microscopic preparations, where we are 
dealing with highly refracting elements superposed one upon 
another. 

For the purposes of demonstrating that this is actually so, we 
may experiment with ordinary microscopic sections or, more simply, 
with strips of filter, or blotting, paper. 

Experiment i. Mount a strip of white filter paper on an ordinary 
microscopic slide, and place this in position upon tlie stage of the micro* 
scope. Focus down upon it with a one-inch leiuj, and then, without 
screeiiing off the ligtit which Impinges upon the paper from above, illutiiin- 
ate from below with coloured light obtained by placing the coloured 
atop or a piece of coloured glass under the fully open condenser. The 
paper viewed under these circumstances will appear wliite and practically 
o]>aque ; only here and there wiU the coloured light come through to 
the eye of the observer. (Plate II, Fig. j on the right.) 

Experiment 2. Repeat the experiment, using, instead of the 
unstained filter paper, a piece of tlie paper which ha-s been stained 
in methylene blue and dried. Use in conjunction with this a piece of 
red glass in the sub-stage. 

Experiment 3. Take in hand now the strip of whit© paper, turn 
your back to the window, and hold the coloured glass in such a manner 
as to throw coloured light on the nearer aide of the paper. Note that 
coloured Ught is now thrown back to your eye from the paper. 

When the strip of paper was on the st^age of the microacope, the coloured 
light was in like manner reflected back from the under stirf ace of the paper, 
w)ule tlie colourless Ught which fell upon the upper surf ac« of the paper waa 
reflected back towards the objective. 

Experiment 4» Rreturning the strip of white paper to the stage of 
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the microscope, place a drop of cedar oil or of Canada balsam upon it, 
and illuminate from below with coloured light. 

It will be plain now even to naked eye inspection that the coloured 
light passes freely through the paper in the region of the oil spot. 

Examine the preparation by the aid of the microscope, and observe 
that now the coloured light floods through everj' pore of the paper over 
the area occupied by the oil s^pot, (Plate II, Fig, j on the left.) 

Take note also in passing of the fact that under the influence of the 
colourless light which falls upon and is reflected to the eye from the 
more opaque strands of the paper, these stand out in beautiful colour 
contrast to the ground tone furnished by the transmitted light. {Plate 
11, Fig. j 8cen through the covering tissiie paper.) The brilliancy of the 
colour contrast wiU, in conformity with a general law, be greatest wher^ 
the illumination of the coloured and uncoloured areas of the preparation 
is exactly balanced. 

Experiment 5. Repeat the above experiment, employing, as in 
Experirnenl 2, blue paper and a red glass in the sub-stage. Note that 
now the paper everywhere transmits red light to tlie eye.' 

Experiment 6. Take in hand again the strip of white filter paper 
with the oil spot. Replacing it upon the stage of the microscope, cut off 
the light from below, and illuminate from above with coloured light. 
Note that the oil spot will now appear uncoloured, while the surrounding 
paper will reflect coloured light to the eye. The transparency which ia 
acihieved by filling in the interstices of the preparation with a highly 
refracting medium is thus seen to go hand in hand with loss of reflecting 
power. 

Experiment 7. Place side by side under tlie microscope a drj-' atrip 
of filter paper and a strip of filter paper which k impregnated with oil. 
Closing down the iris diaphragm, screen off the top light and examine 
the fibres in the region where the interstices are occupied by oil, and again 
in the region where the interstices are occupied by air. Xotice that the 
contours of the fibres in the former case are, as shown in the figure {Plate 
II, Figs, t and / on the. It ft}, delicately outlined, and that they are in 
the latter case broad and dark (Figs, i and ; an the right). 

The gain in transparency is thus Been to be ajssociated with a loss in 
refracting power on the part of the fibres. 

5. D«ductioiis from the loregaing experiments. 

We learn from these experiments that transparency is achieved 
only at the expense of those optical differences which are essentia! 
to the development of an object picture of an uncoloured element. 
The necessary corollary of this is, as we shall see, the abandomnent 
of the outline picture and the resort to a pure colour picture in every 



^ This quality of traneparency which is conferred upon filter paper by 
mounting it In » medium of high refrsctivp index waa, as the reader will 
now appreciate, turned to practical account in Cap. II, Sect. 2, «ifc«e. 2, 
in connexion with the making of the parti-coloured atop employed there 
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case where — as in the ordinary section^ — we are concerned to bring 
into view microscopic elements which are piled one upon the other. 

6. Metbod hy which refraction and surface reQections may be abolished, 
and transparency secured, in the case where the interstices of a tissue are 
already filled in with water. 

When the opacity of a microscopical specimen is due to the fact 
that the interstices in the preparation are filled in with air, trans- 
parency can, as we have seeUj be readily secured by directly dis- 
placing the air in these interstices by a medium of high refractive 
index, such as Canada balsam or cedar oil. 

The process of clearing, or rendering transparent, a, micro- 
Bcopical preparation is more complicated when the interstices are filled 
in with water inetead of air. This is due to the fact that the highly 
refracting oils and resins ordinarily employed for mounting micro- 
scopical specimens form in each case a turbid mixture with water. 
The removal of the water is thus a necessary preliminary to the 
filling in of the interstices by oil, or, as the case may be, Canada 
balsam. 

The removal of the water may be carried out in two ways. In 
the case of film specimens, it may simply be driven off by heat. 
The air which takes the place of the wat-er driven off from the 
specimen can then, in its turn, be displaced by Canada balsam. 

In the case of sections, inasmuch as here mechanical injmy 
might be done to the specimen by the generation of steam in its 
interior, the contained water must be extracted by the more com- 
plicated procedure described ha. Experiment 3 below. The following 
experiments will be instructive : — 

Experiment i. Take a strip of filter paper and immerse it in water, 
mount it on a glass slide, and now drive off the water by gentle heating^ 
over a flame. Note that the specimen loses transparency as it dries. 
When thoroughly dried, mount this specimen in Canada balsam. Test 
its transparency by superposing it upon printed matter or by passing a 
needle below the slide. Further test its transparency by placing it upon 
the stage of the microscope, and by employing a coloured stop in the 
Bub-stage, as was done in the experiments in subsec. 4, supra. 

Experiment 2. Place side by side on the glass slide, stirring up 
together in each case : 

(a) A drop of water and a drop of Canada balsam ; 

{b} A drop of alcohol and a drop of Canada bakara ; 

(c) A drop of oil of cloves and a drop of water ; 

(rf) A drop of alcoliol and a drop of water ; 

(e) A drop of oil of cloves and a drop of alcohol ; 

(/) A drop of oil of cloves and a drop of Canada balsam. 
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Note for use in the next experiraent that in the first three cases a 
turbid mixture is produced, and iii the last tliree a transparent mixture 
is obtained. 

Experiment 3. Take a strip of filter paper as in Exptrimeni I, dip 
it in water, and mount it on a glass slide. Holding the slide on the 
slant, pour absolute alcohol over the specimen, pouring on the alcohol 
on the upper end of the slide, and allowing it to run down to, and drip 
off from, the lower end. Do this repeatedly, testing the successive 
washings as they collect on the lower edge of the slide, by adding to 
them in each ease a drop of oil of cloves. Note that a milky appearance 
is produced so long as the washings contain water. Note also that the 
specimen loses in transparency when the water lias been displaced by 
alcohol. 

When the last trace of the water has been removed, flush the specimen 
eeveral times in succession with oil of cloves until the washings cease to 
give a precipitate when tested with Canada balsam. Note that the speci- 
men gains in transparency by the displacement of the alcohol by oil of 
cloves. 

When the last trace of alcohol has been removed, displace the oil of 
cloves in the interstices of the specimen by Canada balsam, allowing the 
washings as before to run down to the lower end of the slide. 

Test the specimen by the methods employed in connexion with 
Exffrimeni I, and note that, from the point of view of the trans- 
parency achieved, the specimen here prepared has no advantage whatever 
over the specimen prepared by the procedure described in connexion 
with Experimevt 1. 

The comparison here instituted will serve to correct the common 
error which attributes the transparency of the Canada balsam 
specimen to a special " clearing '* effect exerted by the oil of cloves. 
Speaking of the oil of cloves as " clearing " instead of as an ** alcohol 
displacing " agent is, as consideration will show, to insist upoti the 
quite unessential fact that oil of cloves possesses a high refractive 
index, and to leave out of sight the really essential fact that oil of 
cloves is, by reaaon of ita compatibility with alcohol on the one hand 
and with Canada balsam on the other, a suitable intermediary between 
the alcohol which dehydrates and the final mounting medium which 
is employed for the clarification and preservation of the specimen. 
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ON THE PRINCIPLES WHICH GOVERN THE STAINING 
OPERATIONS WHICH ARE UNDERTAKEN FOR 
THE PURPOSE OF DEVELOPING A MICROSCOPIC 
COLOUR-PICTURE. 

] tUroduetory — Fundamtntat principles of aiaining — Chemical properiits, fjM«i- 
fkation and sohtbilities of th^ aniUn dyes — Elementary conceptions leith 
regard to tfte dtemical properties of the histolmjical elements of the animal 
body and their interciction tviih anilin dyes — IlluMrative ejcperimenta^ 
Importance of methods of differential staininti con-^idered aa methods by 
which microscopic elctn^nts can be. brought into view and identified. 

i. Introductory. 

The superiority of the colour picture over every other kind of 
stage picture and its pre-eminent importance in connexion with 
the microscope having been made clear in Caps. I and III, the 
reader will already have discerned that the art of staining and the 
theoretical principles of that art are of pre-eminent importance to 
the microscopist. 

It 13 not proposed in the present treatise, where we have in view 
the microscope rather than the microscopic object, to deal in any 
adequate way with these subject matters. In the following the 
attention of the reader will be directed only to the fundamental 
principles which underUe all staining processes.^ 



2. Fundamental principles of staioing. 

Every staining process depends upon a combination between 
the chemical substance which constitutes the dye and a particular 
tissue element which has an afiinity for that dye. 

The nature of that affinity baa not yet been satisfactorily eluci- 
dated. While it would seem that something other, or something 
imore, than an ordinary chemical reaction is in each case involved, 
i 



» For fujtheT information the reader may be referred in particulsT to 
<jrustav Mann's maeterly and HUggeative Treatise on Physiological Histology, 
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we can in many cases express the events in a staining process in 
the language of chemical equations. This holds true in particular 
in connexion with the staining of animal tissues by anilin dyes. 

3, Cbemica! properties, classifieation and solubilities of the aniliR 
dyes. 

Anilin dyes may be regarded as salts containing a colouring 
element or chromophor, united to a base or acid, according as the 
chromophor in question possesses, in the particular case, acid or 
basic properties. In the case where the chromophor functions as 
an acid the dye is denoted an acid dye. In the case where the 
chromophor functions as a base the dye is denoted a basic dye. 

In the subjoined experiments eosm and metliylene blue tt-ill aerve 
respectively as examples of acid and baaic dyes. 

The former may, in connexion with the chemical equattona which are 
hereafter employed to auggegt the nature of the chemical reactions involved, 
conveniently be spoken of as eosinaU of soda> The latter we may speak of 
as hydrochlorate of niftkyienc blue. 

The phromophorie components of these dyes may, in eonnexion with th& 
equations above referred to, retapectively be designated eosinic acid and 
methylene blue. 

With regard to the solubility of the anihn dyes and their chromo- 
phors, all that it will be necessary to say here is, with respect to the 
first, that they are for the most part soluble in water, and very 
soluble in alcohol and glycerine ; and, with respect to the second, 
that these are for the most part insoluble in water. 

4. Elementary conceptions with regard to the chemical properties of 
the histological elements o! the animal body and their interaction with 
anilin dyes. 

The chemistry of microscopical staining tates its origin in a 
series of papers on the staining properties of the white corpusclej 
which were published by Ehrlich under the title of Farbanalytiscfic 
Stiuiien, The chemical constitution and solubilities of the anilin 
dyes as set forth above are, in the papers above referred to, for the 
first time made to furnish an explanation of the events which occur 
in connexion with staining of white corpuscles. 

It is shown, on the one hand, that the histological elements of 
the body may, according as they combine respectively with basic 
or acid chromophors, be classified aa acid, or basophil, and basic, or 
o^eypkil, elements. And it is shown that in each case there ar& 
degrees and gradations as between the different tissue-elements in 
the matter of their affinity to acid or, aa the case may be, basic 
stains. 
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In the case of the histological elements of the blood, the haemoglobin 
of tho red corpuscles and the granulea in polynuclear find ettsinophilous 
leucocyt-ea furnish examples of oxypliil elements. The nuclei of the leuco- 
cjtes, probably by reason of their content in nuclelnlc acid, are basophil 
elements. 

It is further brought out clearly in the papers above referred to 
that the combination of the chromophor with the tissue element 
presupposes not only an afl&nity as between the chromophor and 
the tissue element, but an affinity which shall be sufficiently powerful 
to overcome the bond which binds the dye-stuff to the menstruum 
in which it is dissolved. 

It will be shown, in connexion with the experiments below,, 
that the fir^t of these principles furnishes us with an explanation 
of the ehctiw affinity of diflferent tissue elements for different' 
stains, and also with an explanation of accelerating or, as the case 
may be, retarding and decolourizing action which is of acids and 
alkalies respectively. 

Similarly, it will be shown in the experiments which follow, that 
the second principle furnishes an explanation of the fact that tissue- 
elements are more or less quickly and intensely stained, according 
aa the menstruum in which the dye-stuff is dissolved h capable of 
holding more or less of that dye-stuff in solution. We shall see 
that the dilution of an alcoholic solution of an anilin dye by water, 
and the addition to a watery solution of an anilin dye of such amounts 
of acid or alkali as will tend to displace the chromophor from its 
combination and render it available' in a state of s^tspended pre- 
cipitation will in each case be favourable to the combination of 
the chromophor with the tissue-element. 

5. Illustrative experiments. 
Experiment i. Take a watery solution of eosin and add to it- 
acetic acid. The coliiuring matter is thrown down in the form of a 
precipitate. Pour off the colourleaa fluid and treat the coloured pre- 
cipitate with dilute caustic soda. The dye-stuff is reconstituted and 
passes into solution. 

The changes that take place may be represented as. foUows : — 

(a) Eosinat« of soda + acid = neutral soda salt + eoainio acid (difi- 
sociated chromophor insoluble in water), 

(b) Eoeimc acid (dissociated chromophor) + caustic Boda = eoeinate of 
soda (reconstituted dye-stuff, soluble in wat^r). 

Experiment 3, Take a waterj' solution of methylene blue and 
add to it caustic soda in escess. The chromophor ia thrown out of 

solution. 
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Experiment 3. Take a watery solution of methylene blue and 
add to it drop by drop a solution of eosin. A dark granular precipitftte 
which, consists of compound of the chromophors of the two dye-stuffs 
u thrown down (i^e further Experiment 10). 



Eosinote of soda + hydrochjorate of 
methylene blue + neutral 9oda salt. 



methylene blue = eosinate of 



Experiment 4. Hav^ing made a blood film and having fixed it 
by a momentary immersion in a saturated solution of corrosive subli- 
mate, immerse it, after thorough washing in a one-per-cent. watery solu- 
tion of eosin. Examine the film now from time to lime, washing off the 
stain in each case under a tap and scrutinizing in particular tlie end of 
the film where the white corpuscles are aggregated. It will be noted 
that first the oxyphil granules in the leucocytes and then the red 
corpuscles and the protoplasm of the leucocytes take up the statn. 

The changes which are associated with the staining of the red cor- 
puscles may be represented thus : — 

Eosinate of soda + red corpuscles = eosinated red corpuscles 4- free 
Boda. 

Experiment 5. Take a blood film which has been stained dif- 
fusely in eosin, introduce it into a very weak solution of an alkaline salt, 
e.g. into a l-in-5000 sodium carbonate solution. Xote that the stain is 
loosened from its combinations and now washes out in water. The de- 
colourizing effect is seen first in the leea oxyphil elements. The colour 
is first discharged from the protoplasm of the leucocyte, afterwards 
from the red corpuscles, and from the oxyphil granules of the leucocyte. 

The changes, so far &a they refer to the red blood corpuscles, may 
be represented as follows : — 

Eofiinated red blood corpuscles + free soda = red blood corpuflclee 
(decolouriied) + eosinate of soda (reconstituted dye-stuff). 

Experiment 6. Add to a waterj* solution of eosin a quantum of 
acid wliich falls far short of producing a precipitation in the staining fluid. 
More intense, and at the same time more diffuse staining i& now obtained 
than ia the case with a simple watery solution of the same strength. The 
efifect obtained may be attributed {a} in part to the circumstance 
that the chromophor is here available in a state of suspended precipita- 
tion; (6) in part to the circumstance that we have here in the staining 
fluid free acid in sufficient quantity to take up the alkali, which is, aa 
ahown above in Experimeni 4, dlasociated from the eosin in the process 
of staining. 

In lieu of the equation given in connexion with that experiment, we 
have here the equation : — 

Eofiinate of Boda + red corpusclee + free acid = eodnated red blood 
^orpuaclea + neutral soda salt. 

Experiment 7. Take either a new blood film, or a film which 
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has been over-Btained in eosin and then partially decolourized, and 
place this film in a one-per-cent. watery solution of methylene blue. It 
will be seen on washing off the excess of etain in water, that the nuclei 
of the white blood corpuscles have combined with the basic chro- 
mophor. 

Nuclei (containing nucleinic acid} + hydroclilorate of methylene blue 
» nucleate of methylene blup + free acid, 

Experiment 8. Take two films of blood which have been stained 
with methylene blue. Immerse one of these in a weak acid solution and 
tbe other in alcohol. In both cases the colour will be discharged. 

The changes which are associated with the discharge of the colour 
from the nuclei by the agency of hydrochloric acid may be represented 
as follows : — 

Nuclei stained with methylene blue + hydrochloric acid = hydrochlorate 
of methylene blue (reconstituted dye-stuff) + decolourized nuclei. 

In the case of decolourization by alcohol, it is a question of the affinity 
of tiie menstruum for the colouring matter being greater than that of 
this colouring matter for the tissue element. 

Experiment 9. Having prepared a one-per-cent. solution of methy- 
lene blue, in a l-in-1000t3 watery solution of caustic soda, immerse in this 
a blood film previously fixed and washed. Already after the lapse of 
a second or two the nuclei will be found intensely stained, and, in addition, 
the protoplasm of the leucocytes and the red corpuscles will have taken 
on tbe stain. 

The intensifying and accelerating effect of the caustic soda addition 
is explicable on exactly the same principles as the effect of tbe additioa 
of acid to an acid dye {Experiment 6, supra). 

The effect so far as it consists in the taking up of the acid liberated 
from the hydrochlorate of methylene blue in the course of the stainii^; 
ia exhibited in the equation below : — 

Nuclei of leucocytes (containing nucleinic acid) + hydrochlorate of 
methylene blue + free alkali = nuclejnate of methylene blue + neutral salt. 

Experiment 10^ Add, as in Experiment 3, a watery solution of 
eosin t^o a watery solution of methylene blue, collect the precipitate, 
which consists, as we have seen, of eosinate of methylene blue, on a filter 
and dissolve it in methyl alcohol. This constitutes Jemier's stain. 
Introduce a blood film into the stain and leave it there for three to five 
minutes. 

On examining the film, it will now be found that the oxyphil elements 
have taken up the colouring matter of the eosin, and the basophil ele- 
ments the colouring matter of the methylene blue. 

These changes in cormexion with the red corpuscles and the nuclei 
can be expressed in the following equation : — 

EcBiuate of methylene blue + nuclei (basophil) + red blood corpuscles 
(oxyphil) ^ eosinat'cd red blood corpuscles + nucleinate ot methylene blue. 
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On Plate III are exhibited in Fig. / a blood film overstained 
with eoein by the method employed in Experiment 6 ; in Fig. g 
the same blood film decolourized by the method employed in 
Experiment 5 ; in Fig. k the same blood film afterwards stained 
by a solution of methylene blue in a five-per-cent. solution of 
carboUc acid. 

6> Importance of methods of differential staining considered as methods 
by which microscopic elements can be brought into view and identified. 

The fact that particular dyes are fast only upon particular 
textures — -a fact which sooner or later enforces itself upon the 
attention of every purchaser of hosiery— ^supplies iUu&tration of one 
of the practical consequences which follow from the elective affinity 
of certain dyes for certain elements. A further practical illustra- 
tion of the operation of the same law is furnished by the fact 
that it is possible to produce a pattern of colours in a textile 
fabric by weaving together two different materials and then 
dyeing the whole in two colours, of which the one is fast on the 
one material, and the other on the other. 

Here the fact that the two elements of the fabric take up each 
its particular dye is in reality a testimony to the character of those 
materials. 

This method of disclosing and identifying elements which would 
otherwise remain unidentified is known as differential staining. The 
method is, as will be recognized, that employed in Experiment 
10 above. It will gradually be borne in upon us as we proceed 
that microscopical discovery depends — more than upon any other 
factor — upon the invention and exploitation of new methods of 
differential staining. 



CHAPTER V. 



ON THE RESTRICTIONS WHICH HAMPER THE MICRO- 
SCOPIST IN THE MATTER OF THE SELECTION 
AND DEVELOPMENT OF THE STAGE PICTURE; 
ON THE DEFECTS AND SOURCES OF FALLACY 
WHICH ATTACH TO THE MICROSCOPIC OUT- 
LINE PICTURE AND MICROSCOPIC COLOUR 
PICTURE RESPECTIVELY ; AND ON THE LIMITA- 
TIONS WHICH ARE IMPOSED UPON MICROSCOPIC 
ACHIEVEMENT BY THE INADEQUATE REPRE- 
SENTATION OF THE OBJECT IN THE STAGE 
PICTURE. 

JntroductiTi/ — On the reMrictions which hamper the microscopist in the matter 
of the election and devehpmcnt of Ms sta^je picture — On tht dimtdvantages 
and imperfections artd faUacies which vUiach to the tnicroscopic outline 
picture-— On the. diaadvatiiages and imperfections and fallacies rvhich 
»tiach to tfte mitroacopic colour pictur6—0in«ral question of the Hinita- 
tiong which are imposed upon microKopic achievement ; and appraise- 
meni of the relative importftnce of each of the Umitationa which come into 
eowideration. 

1. Introductory, 

By the time he has arrived at the present Chapter the reader 
will have convinced himself of the truth of the general principle 
that no object is imaged by the microscope unless the microscopist 
has first, by the exercise of his art, depicted it in the stage picture. 
He will also have learned the different procedures by which the 
■object can be depicted. 

He may here profitably pass on to certain general considerations 
which have reference (a) to the restrictions which are imposed upon 
the microscopist in the matter of the choice of his stage picture ; 
I (b) to the deficiencies of that stage picture according as it is in the 

I particular case an outline or a colour picture ; and (c) to the 

I limitations which are imposed upon microscopical achievement by 

I the inadequate representation of objects in the stage picture. 
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2. On the restrictions which hamper the microscoplst In the matter of 
the selection and development of his stage picture. 

What is of importance to keep in view in connexion with this 
Bubject matter may be compressed into the following series of pro^ 
positions : — 

(1) An outline picture can be achieved aniy in the case where 
microscopic objects are disposed upon a single optical plane^ 
and where they differ in refractive index from the medium in 
which they are immeraed. 

(2) Even when these conditions are reaUzed, a bright 
outhne picture can, aa we shall see hereafter {Cap. XIV.), be 
achieved only when the numerical aperture of the beams,, 
which are brought to focus by the condenser, stands in a 
certain relation to the numerical aperture of the objective. 

(3) In the case where microscopic objects cannot be mounted 
in a medium of different refractive index, and in the case where 
they are piled one upon another, the microscopist is limited to 
the development of a colour picture. 

(4) A colour picture can be achieved only in the case where 
dyes are available which have with re~spect to the microscopic 
objects w^hich are to be depicted elective chemical affinities. 

(5) Where a preparation is mounted and illuminated in such 
a manner as to display the outline picture to best advantage, 
the coloured elements in the preparation will be obscured ; and,. 
vice versa, where a preparation is so mounted and illuminated 
as to display the coloured elements to best advantage, tbe^ 
uncoloured elements will have been rendered invisible. 



3. On the disadvantages and imperfections and fallacies which attach 
to the microscopic outline picture. 

The following are the more important disadvantages which 
attach to the microscopic outline picture. 

(a) Very minute microscopic elements cannot he brought into vieti> 
in a satisfactory manner by the aid of outlines. 

The question of the comparative advantages of the outline and 
colour picture from the point of view of the bringing into view of 
objects which subtend only a very small angle at the retina has 
already been considered in Cap. I, snbsect. 4. 

It will Im? remembered that while a coloured element comes into 
view as soon as its diameter subtends the necessar)' angle at the 
retina, an object which is dehneated by an outline does not como 
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into view until the diameter of its delineating outline subtends that 
necessary angle. 

It follows that very minute microscopic elements cannot be 
satisfactorily brought in view in the outline picture. 

{b) Absence of a definitive focal plane, possibility of misprision 
of focus, and difficulties in connexion with the interpretation of the 
picture. 

We have seen that the development of outlines m the case of the 
microscopic outline picture depends upon the fact that light is 
turned aside from its course when it impinges upon any element in 
the preparation which differs in refractive index from the medium 
in which it is embedded. As rajis thus diverted emerge from the 
microscopic object, their paths must manifestly intersect, as they 
pass upwards, with the paths of other emergent rays. As a result, 
we have developed upon a series of optical planes disposed super- 
ficially to the microscopic preparation in each case a system of 
radiant points, corresponding to the nodal points of the intersecting 
rays. These arrange themselves in such a manner as to form a 
definite pattern. 

The disadvantages which are associated with this are the 
following :— 

(a) The observer may, by mistaking one of these derivative 
patterns for the fundamental pattern which is positioned in 
the actual object, lapse into the fallacy of misprision of focus. 

Illustration of tlua poasibility, wliich haa already b^en furnished in Cap. 

r, sukiect. 7, ExjKTimenU 1 and 2, is further furnished by Ej^fMrimfnit 4 and 
5 below. Let it be ol>served that in the case of tlit* colour picture, we are 
safeguarded against the fallacy of mispriaion of focus by tlie fact that tlie 
deri^-ative pictures are by their diffuseness and inferior definition readily 
discriminated from the fundamental picture. 

O) Even where the mind of the observer does not mistake 
a derivative pattern for a fmidamental pattern, it m disturbed 
and perplexed by the development under the microscope at 
each different level of a different object picture. 

It may be noted in tliis connexion that the dark outline pictitre wliich 
is depicted in Plate III, Fig. a, ia otie arbitrarily select^, out of a wlioie 
succession of equaUj'' well defined pictures encountered by the microacopic 
observer aa he focusaes up and down upon an air-niounted red blood cor- 
pneele. Actual illustration of perplexed situation with which we have to 
deal in such a case is furnislied by Erperiments 2 and 3 below. 
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if) A conception of the configuratioii in relief of the 'micro- 
scopic object can be arrived at only by a process of induction 
by which we follow back, so far as may be, the derivative 
pictures step by step to their original. 

A measure of the diificxilty of building up, by an effort of the intellect, 
out of a Huceeasion of fundamental and phantom pictures an adequate con- 
ception of tlie configuration in relief ol a microBCopic object, will be fiirniahed 
by the sense of intellectual contentment witli which we turn from the con- 
sideration of the problem fumished by the sequence of object pictures in. 
Experiment 2 below, to the solution of that problem which is supplied by 
the stereoscopic pictui'e of the red corpuscle (Plate III, Fig. c), wliich is 
developed under oblique illumination. 

Experiment i. Place upon the stage of the microscope under a 
fully ojien condenser a system of opaque and transparent rulinqs (the 
system of rulings which is providesd in the pocket of the cover will serve 
in default of a finer system). Bring these into view under a low-power 
objective, and then focua up until the fundamental picture has dis- 
appeared and there has appeared in its place a phantom picture of 
bright and dark bands, produced by the intersection of the beams which 
take origin in the clear lines of the ruling. 

Comment, While tliis experiment fariiiahca ilhistration of the pro- 
duction of a phantom pattern, it is not intended to illustrate the posai- 
bility of confusion through misprision of focus. Tlie fact that the 
phantom pattern is here wanting both in sharpness and detail suffi- 
ciently safeguards us in this instance against confusing it with the 
fundamental pattern. 

Experiment z. Place upon the stag© of the microscope an 
unstained air-mounted blood fihn. Focus down upon a red corpuscle 
with a, high -power dry objective. 

Note that we cannot, aiS we focus, pitch upon anything in the nature 
of a definitive focal plane. We encounter instead, through a certain 
depth of focus, a succession of different and in eacli case sharply defined 
images. According as we focus up or down, the central area of the cor- 
puscle cornea out, as the case may be, as dark or bright ; the annular 
ridge of the corpuscle comes out, as the case may be, broad or narrow ; 
and the delimiting margin of the corpuscle appears, as the case may 
be, dark or bright. 

Commenl. Figs. 2 and 3 on Plate V will convey some sort of an idea 
of the optical situation with which we are dealing in the case of a dark 
outline picture and a colour picture rea|iectively. 

In Fig. 3, Plate V, where we are dealing with the conditions which 
obtain where a coloured red -blood corjiuscle m viewed in a medium of 
lower refractive indes, the beams which pass through the object are 
opened out or, aa the case may be, closed up by refraction m such a 
manner as to form, by the intersection of their component raya with 
those from the field, upon a series of optical planes sujierficial to the 
object, in each case a different pattern of radiant points. 

According as we fttcus upon the optical plane A or the overlying 
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optical planes B and C, the object picture under obaerT'ation will, as 
the case may be, be the pattern of radiant points and dark points 
which is positioned in the object itself, or one of the derivative patterns 
formed hy the intersection of the rays which proceed from the object 
with the rays which proceed from the field. 

Turning to Fig. 3, Plate V, which repreaenta the conditions which 
obtain where a coloured red- blood corpuscle is mounted in a medium of 
equivalent refractive index, we see that as we focus up from the plane 
upon which the red corpuscle is disposed, we encounter derivative 
pictures which are progressively more and more diffuse. The diagram 
makes clear that this progressive diffuseness depends upon a progres- 
sively increasing dilution of the red light from the corpuscle with the 
colourless light from the field. 

Experiment 3. Seek out now in the blood film a coarsely granu- 
lar leucocyte. Note the changes from dark to bright and bright to 
dark which occur in the object picture with every movement of the fine 
adjustment, 

These changes are conditioned by the shifting of the focus from the 
fundamental to the phantom picture and back again from the phantom 
picture to the fundamental picture. 

Experiment 4. Place a drop of blood on the slide under a cover 
glass, and allow evaporation to proceed until the plasma becomes some- 
wliat inspie.sated. Water will now pass out into the plasma from the 
interior of the red blood corpuscles, and the latter will be distorted into 
prickly spherical elements. 

The surface inequalities of these elements will now deflect the course 
of the transmitted light in all directions, with the result that there 
will come into existence a meshwork of interlacing rays whose nodal 
points can only ^vith difficulty be distinguished from the radiant points 
which constitute the underlying fundamental object picture. 

Experiment 5. Place one of the air-mounted diatoms, which are 
commonly employed in connexion with the testing of objectives, on the 
stage of the microscope under an oil immersion lens. 

It will, here again, be noted that a process of inversion from dark 
to bright and vice versa takes place in sympathy with every up and 
down movement of the focua. It 'will further be observed that in the 
case where the surface of the diatom slopes away towards its edge, the 
derivative and the fundamental object picture are in view simultaneously 
in different parts of the specimen. 

Comment. It will be unnecessary, in view of what has been said in 
connexion with ^ and y, supra, to enforce upon the reader's attention 
the consideration that the great uncertainty which prevails as to the 
re^] configuration of various diatoms is in large measure the result of the 
difficulty of distinguishing the fundamental from the derivative pattern, 
and of deducing the former from the latter. 

(c) Elements^ in the object which are dark by reason of Ike deflection 
of light, limy be confuted unth ehtnents which are dark by reason of 
the presence of pigment. 
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Dark points Buch as those wliich are eneotmtered in the orenated cor- 

puHcle {Experiment 4, »ujmi) at a particular adjustmeiit of the focus are, 
as will be obvious to reflection, capable of being confused witli granular 
pigmenl. Such niisappreheiiaioii is, in point of fact, frequently made by 
the t^To in searcliing red blood corpuscles in moist blood films for malarial 
pigment. 

It will be manifrat from wbat has already been said in connexion wilii 
granular leucocjtes, and crenated red corpuscles respectively {Experiments 
3 and 4, au-pra), that the distinction between a dark element which is refer- 
able to pigment and a dark element wliich is referable to the defleetion of 
light ean generally be made by watching the effect protluced by the alteration 
of the focus. Wliere the dark element corresponds to a point from which 
light m deflected, a change of the focus will be aaaociated with a change 
from dark to bright. Where pigment is in question, a change of focua will 
eubstitute only a more difFuee for a less diffuse dark element. 

(d) Microscopic ehmenls which resemble each other in contcttr and in- 
refractive index cannot be discriminated from each in the microscopic 
outline picture. 

The difficulty of dlscrtniinating the different granulations in leuoooytes in 

unstained blood filiris furnirthea a familiar example of the aboA'e-mentioned 
imperfection in the outhne picture. 

(e) The, microscopic outline picture is imperfect in the respect that 

those dements which do not differ in refractrm index from the medium 

in ivhich they are imbedded are in every case unrepresented in the 

picture. 

The fact that bacteria may, when unstained, be in\*isible in the plaama 
or, as the ca.se may be, in the interior of a phagocyte, and tlie fact that th& 
nucleus may. when unstained, be invisible in the cell, will suffice to show 
the verj' formidable nature of the errors which the microscopist would fell 
into if he were to assume that the mii-ru«coptcal outline picture funiislied 
to hhu a complete inventory of the microscopic objects contained in hia 
preparation. 

4, On the disadvantage and imperfections which attach to the micro- 
scopic colour picture. 

The more conspicuous of the disadvantages which are associated 
with the microscopic colour picture are the following : — 

(a) In metv of the fact that living objects must be killed and be sub- 
jected to the action of chemical reagents in the processes of fixing and 
staining, the picture which is obtained is in every case entirely artificial. 

(b) Under the coitditions of illumination particularized in Cap. 
I, subsect. 7 (B), there is a possibility of the observer lapsing into 
the fallacy of subjective cohur contrast. 

The following may serve to illustrnte t!ie conditions tmder which this 
phj'siological phenomenon may mislead us into error in connexion with the 
microscopic image. 
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(o) The punctate areas of shadow which are developed by the deflection 
of ihe transmitted light from the irregulaj suurface of the crenated red blood 
corpuflcle may, in the case where the preparation ia iHluxninated also by a. 
bright top light, assume, in coutrest to saturated yellow field wliich is pro- 
vided by a maaa of underlying red corpuscles, a bluish tint. 

A failure to understand the genesis of this phenomenon may perliaps be 
responsible for the circumstance that a blue mottling on the red corpuecles 
was observed and placed on record by an eminent obara'ver a& a characteristic 
feature of malarial blood. 

(6) Particles of dtist and sunilar opacities scattered upon a stained micro* 
scopical specimen assume, when the preparation is illuminated by a bright 
top light, a coloration complementary to that of the backgroimd. 

Where the colour whicVi ia thus generated ia mistaken for objective colour, 
the particles in tjuestion rnay be mistaken for stained luicro-organisms. 

The error may in particular occur in connexion with a search for red- 
stained tubercle bacilli in the case where opaque particles are disposed upon a 
bluish or bluish-green iiiicroscopic field. 

In this case and in all simifftr cases tlie differentiation between subjective 
and objective colour can be readily made if the fact is borne in mind that 
elemeots which are subjectively coloured will conje out as black when the 
top light is screened off from the niicroacopical preparation. 

(c) Microscopic dmients tehich resemble each other in mntoiir and 
in their staining reactio?is cannot he discriminated in the microscopical 
colour picture. 

Tlie fact that the agglomerations of basophil granulra wliich occupy the 
protopilasm of the so-calJed *' mast-cells " were for a long time confused with 
agglomerations of cocci, fiunishes an illustration of this imperfection in the 
microBCopic colour picture. 

(d) The microscopical colour picture is imperfect (a) in. the respect 
lh(U every object which fails to take the stain is unrepresented in the 
picture, and (b) in the further respect that onbj those objects which are 
differenlidlly stained can be identified. 

The full import of these facta will only gradually be borne in upon 
the microscopical student. 

In connexion with the study of bacteriology, he ■ft'ill, when he has 
completed his apprenticeship, begin to realize that the micro-organismaj 
of whose presence he is on other grounds assured, may quite well, 
where they have not been differentially stained, lie bidden in his prepar- 
ation. 

In like manner he will, in connexion with the study of pathological 
bistologyj in the case where tie ia dealing with preparations which are so 
stained aa to reveal to him the changeg in the tissues which are as- 
sociated with bacterial invasion, recognize that the bacteria them- 
selves will often be quite invisible. Again, he will find, in the case 
where his. preparations are so stained as to depict the bacteria in a 
satisfactory manner, that the changes in the tissues will be displayed 
only very inadequately. 
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Lastly lie will, In coanexion with the study of hiatology, recognize that 
there are niany elements in cell and intercellular substance whicli, in the 
ordinary preparation, withdraw themselves from obseryation, and which 
require for their diaplay special staining n^ethoda. 

6. G«aeral question of the limitations which are imposed upon mlero- 
scopie achievement ; and appraisement of the relative importance of each 
of the limitations which come into consideration. 

Willie it is realized that certain limitations are imposed upon 
microscopic acliievement, a great deal of confusion prevails i^ath. 
respect to the nature of these limitations. 

The microscopist is in reality hampered — 

(a) By the fact that he is in most cases Umiied to the employ- 
ment of a particular type of stage picture. 

The Ihnitationa which are tmpoaed upon the inicroscopist in the niatt«r 
of the selection of his object picture have been enumerated in subsect. 2, 
supra. They find ithistration in the fact that we cannot in the case of diatoms 
resort to colour picture, and in. the fact that we cannot in t!ie case of micro- 
scopic BectionB bring into view bacteria except by resort to this type of 
picture. 

(6) By the fact that the stage picture is never anything more 
than a very inadequate representation of the preparation under 
examination, and by the fact that there may be elements in the 
preparation which cannot be depicted at all in the colour picture, 

lUustration has been furnished of this fact in aubaect. 4 frf), Bupra> 

{e) By the fact that certain optical defects manifest themselves 
in the microscopic image whenever very high magnifications are 
resorted to. 

The difliculties which the microscopist has to deal with when dealing witli 
very high magmfications will come under consideration in Part II of tliis 
Treatise. 

The relative importance of the limitations which have been 
enumerated above cannot be finally appraised until we have com- 
pleted that study of the microscopic image which lies before us in 
Part II of this Treatise. None the less, it will be well, before 
bringing to a conclusion Part I of this Treatise^ which occupies 
itself with the object picture, to indicate the nsture of the con- 
clusion wliich will be borne in upon us. 

That conclusion will be that the limitations which are imposed 
upon microscopic discovery by difficulties in connexion with the 
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achievement of an adequate representation of the object in the 
stage picture are out of all comparison more formidable than those 
which are associated with the adequate representation of that stage 
picture in the microscopic image. 

We may already, to some extent, certify ourselves of the correct- 
ness of this conclusion if we consider the history of bacteriological 
research and seek to elicit in each case what is the factor which has 
determined the success or ill-success of the efforts which have been 
concentrated upon the disclosure of the causal agents of infective 
diseases. 

Putting out of sight here everything which relates to the dis- 
covery of pathogenetic micro-organisms by the aid of methods of 
artificial cultivation, and confining ourselves to the question of the 
detection of micro-organisms in the infected organism, or in material 
derived from the organism, it may be asserted with confidence that 
where a micro-organism has been disclosed and identifi^ed in a case 
where it has been previously missed by generations of observers, 
that result has in no case been brought about by the acliievement 
of a more adequate microscopic image of the stage picture. 
In every case it has been a more adequate representation of the 
object in the stage picture by a process of differential staining which 
has stood in direct causal relation with the disclosure and identifica- 
tion of the organism. 

This sequence of cause and effect ia illustrated in the case of 
the great advances in bacteriology which followed directly upon 
the introduction of the aniiin dyes into histological technique. It 
is illustrated again in a conspicuous manner by the case of the 
discovery of the tubercle bacillus by Koch, which was confirmed 
by every bacteriologist by the aid of the improved method of 
differential staining which was immediately supplied by the 
ingenuity of Ehrlich. Finally, we have recent illustration of 
the same sequence of cause and effect in the discovery of the 
apirochaete pallida following upon the introduction of Giemsa's 
staining method. 

If we pass from the history of the past to the consideration of 
the problems of the future, and in particular to the consideration 
of the fact that the causal agents of smallpox, scarlatina, rheumatic 
fever, measles, and many other human and animal diseases have 
not as yet been disclosed by the microscope, we find the following 
situation. 

It has appeared to many who have considered the problem that 
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the cause of failure is here to be Bought in an, '* ultra-microscopic 
minuteness " of the undiscovered micro-organisms. This is, as the 
reader will perceive, tantamount to assuming that the cause of 
failure is to be found in the inadequate representation in the micro- 
scopic image of elements which are adequately represented in the 
stage picture. 

With regard to the correctness of this theory, it may be pointed 
out, in the first place, that the theory that the undiscovered germs 
of disease are of ultra-microscopic minuteness has at any rate no 
application in connexion with diseases such as smallpox, where the 
causal agents are confessedly large enough to be held back by the 
pores of the Chamberland filter. In the second place, the attention 
of the reader may be directed to the endeavour which is made 
in a subsequent chapter {Cap. XVI) to make it clear that the 
theory that objects may be too small to be imaged by the micro- 
scope is founded upon a confusion of terms and a misapprehen- 
sion of the true bearing of certain optical facts. 

To others, who have considered the fact that the microscope has 
failed to reveal the causal agents of many of our most familiar 
diseases, this failure appeals only as an illustration of the rule that 
micro-organisms (with rare exceptions) remain for all practical pur- 
poses invisible and unidentifiable in the interior of the organism 
until methods of differential staining are discovered which allow 
of their representation in the stage picture. If we have here, as the 
present writer believes, the true explanation of the present ill-succesa 
of the bacteriological microscopist in the matter of the discovery 
of the germs of the diseases specified above, that discovery can- 
not be expected until further progress shall have been made in those 
comparatively unregarded, but in reality fundamentally important, 
chemical researches which lead up to the invention of new processes 
of differentia! staining. 



Part II. 

THE MICROSCOPIC IMAGE 
AND ITS DEVELOPMENT. 



CHAPTER VI. 



IMAGE FORMATION BY THE SIMPLE APERTURE. 

Function of the aperture in the formation of irnages — Conditions which deter- 
mine the scale and brilliancy of the simple aperture image, — Condititma 
tnAtcA gotsern definition and resolution in plan in (he case of the eimph 
ttptrita^ image — Besoluiitnt in depth — Obatructive, interference — Summary 
of the salient features of eimpU aperture images — Dilemma of the simple 
aperture image. 

1. Function of the aperture In the tormation of images. 

Our study of image formation in the m^icroscope may be con- 
veniently prefaced by a consideration of the simpler cases of 
image formation. 

It will help ua to realize what is essential to an image if we Bet 
ourselves to consider wherein a blank luminous surface, such, for 
instance, aa would be furnished by an illuminated white sheet of 
paper placed in front of us, differs from what we should characterize 
as an image. 

The essentially important distinction is to be found in the fact 
that, while we have here, upon the white paper which serves 
as the receiving screen, light which is derived from all the 
luminous objects around, we have upon the screen, in the case 
where we are dealing with an image, light derived exclusively 
from a single object. 

It is brought home to us by this consideration that the first 
— and indeed the only — essential to image formation is the isola- 
tion of the light of the object which is to be imaged from the 
light of the surrounding objects. The machinery by which the 
required isolation is eflfected is in each case a perforated screen. 
The perforation provides passage for the light which is to enter into 
the composition of the image, the substance of the screen excludes 
the extraneous light which would drown that image, 

. Having realized the function of the perforated screen in con- 
nexion with image formation, we pass to consider the conditions 
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which determine the magnitude, brilliancy and degree of resolution 
of the image. 

The conditions which come here into consideration are :— 

(a) The distance between the object and the aperture ; 

(&) The distance between the aperture and the receiving screen ; 
and 

(c) The dimensions of the aperture. 

The influence of these different factors is disclosed in the 
experiments here subjoined. 

2. Conditions which determine ttie scale and brilliancy of the simple 
aperture image. 

Experiment i. Take a large piece of cardboard, and having 
pierced it with a small aperture (a stout hat pin will make an aperture 
of suitable size) set up this screen at a distance of 60 cm. from a lighted 
candle. At the same distance behind the perforated screen set up a 
receiving screen. Ttie image of the candle will then appear upon the 
Bcreen somewhat as represented in Fig. 7. 



Fio. 7. 

It will be noticed that the candle flame is here inverted. This inver- 
sion (which is a feature of every image formed through a single aperture) 
is the result of the crossing of the axes of the imaging beams in the 
centre of the ojwning. 

It will further be observed tliat the image which ia here formed 
corresponds ia magnitude to the actual object. 

The results of the above observations are in conformitj with & 
law which wr- we shall find to hold true both in the case of the 
simple aperture and the lens-armed aperture. This law may be 
formulated as follows. 

As is the distance from the object to aperture {ohject-aperture dis- 
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(ance) to the distance from the aperture to the image {aperture-image 
distance), so is the magnitude of the object to the magnitude of the image. 

Applied to tlie particular case undei* consideration, the formula will, 
w-ith a verticfti diamettsr of 5 on, for the candle flame, give ua & vertical 
diameter of 5 cm. for the candle-flame image. 



Object -a perture 


Aperture -im»g« 


Size of 


Si» of 


di^tanco. 


diewnce- 


object. 


image. 


(o) 00 cm. 


: 60 cm. : 


5 Gm. 


5 cm. 



Experiment 2. Now move the perforated screen 20 cm. nearer 
to the candle, the receiving screen remaining in position. 



r 
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Kote that the diameter of the object is now in conformity witli the 
law given above, to the diameter of th e image in the proportion of 1 ; 2 

ObJ(iCt.Bp«irtura Apertiirv-image Sits of Size of 

diA(A»co, distance. objeet, itn&ge.. 

(6) 40 cm. t 80 cm. : : 5 : 10 cm. 

The setting forward of the perforated acreen will not only have in- 
crM^ed the scale of the image, but it will have increased also the aper- 
ture of the imaging beams and in correspondence with this the total 
illumination. The average brilliancy of the image will, however, be 
unaltered, for the image is correspondingly magnified. 

Experiment 3. Leaving now the perforated screen in position at 
a distance of 40 cm. from the candle, set back the receiving screen to 
A point 120 cm. from the aperture and 160 cm, from the candle. 
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In conformity with the greater separation of the axes of the incident 
beams obtained as the aperture-image distance increases, the image irill 
here be more highly magnified than in Ejiperiment 2. 

Our formula will tell us the esact increase of magnification :— 



Objeot -aperture 


Aperture-image 


8ixe of 


Size of 


distance. 


diat&noe. 


object. 


image. 


40 cm. : 


120 cm. : 


: 5 cm. 


: 15 cm. 



As compared with the image in Experimenl 2, the image here 

obtained will be less brilliant. This is in conformity with the greater 
total distance from candle to receiving screen and with the fact that 
illumination falls off proportionately to the square of the distance. 

Experiment 4. Make now a second aperture in the receiving 
screen alongside of the first, and let it be considerably larger than the 
first, and now compare the image of the candle formed by the larger, 
with the image formed by the amaUer^ aperture. 

It will be seen that in every position of the screen the larger aperture 
will give the same net magnification '■ as the smaller. There will, 
however, be a notable difference in the brDliancy of the itn^es, the 
image formed by the larger aperture being in each case the brighter in 
the proportion in which the square of the diameter of the larger stands 
to the square of the diameter of the smaller, aperture. 

3. Conditions which govern deflnition attd resolution In plan in tho 
case of the simple aperture image. 

In the course of our study of the conditions which determine 
the scale and the brilliancy of the image, certain points in connexion 
with the definition " and resolution ^ of the Image will have arrested 
attention. 

It will have been noticed that in Fig. 7 the light of the candle 
is not entirely extricated from the tight derived from surrounding 
objects. It is owing to this circumstance that the image shown on 
the screen still bears a general resemblance to the form of the aper- 
ture, It is not yet clearly defined. 



^ We may conveniently employ the term net magnification to denote 
the magnification meaeurt>d on the receiving screen between the axes of 
the outermoBt mcident beatns. The ^roaSr as distinguished from the n** 
magnification, would be that measured by the extreme limits of the illu- 
minated area on the screen. 

^ By definition is signified the sharp delineation of tlie image upon the 
screen, which results from the extrication of the light of the object which is 
to be imaged from the light derived from other source. 

^ By resolution is signiSed that definition of Beparnte elements in the 
image which results from resolving of tiie light which derives from an object 
as a whole into two or more components coming each from a different 
element in the object. 



IMAGE FORMATION BY THE SIMPLE APERTURE 55 



Tn Fig. 8 the image of the candle, seeing that it has lost all re- 
semblance to the shape of the aperture, may be regarded as com- 
pletely definfd. Furthermore, it is already partially resolved, for it 
i* now possible to distinguish in the image the apex from the base, 
and the darker centre from the brighter fringe of the flame. 

In Fig. 9 resolution \s carried a step farther. More detail has 
appeared in the image. 

Fig, 10 below brings more plainly before the eye the phenomena 
of progressive resolution. 



'•***- 
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FiQ. 10. 

We have here a composite object constituted by two candles set 
up side by side in a plane parallel to that of the receiving screen. 

In the first position of the screen there is represented an ttn- 
denned image, which in its contour more closely resembles the 
aperture than the object which is to be depicted. In the second 
position of the screen, the image of the compound object is beginning 
to be resolved into the imagers of two separate candles. The images 
of these last are not yet clearly defitud. In the third position of the 
screen the images of the individual candles are completely defined 
and are beginning to be resolved. 

Fig. H (A and B) elucidates the manner in \i hich these results 
are brought about. 

In each ease, as will be seen, three points in the candle Bame are 
selected for consideration. In each case also the image of these 
points is represented as it would appear in three positions of the 
receiving screen. 

To be noted is — first, that each point in the object is represented 
in the image by a dififusion disc ; secondly, that separate definition 
of the points is a question of the diffusion discs being spaced out 
sufficiently to avoid overlapping. 

What particular amount of spacing out will suffice for this 
separate definition will obviously depend upon the relation in which 
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account here the larger aperture b c, ot the smaller aperture h' c', 
and (2) by the aperture- image distance. The former of these 
supphes the measure of the divergence of the individual beam at 
the point where it passes through the perforated screen. The 
aperture-image distance determines tlie fui'tber opening out of the 
beam behind that screen. 

The c€ntr€~to-cenlre distance between any ivx> diffusion discs 
is governed : ( 1 ) by the angle intercepted between the axe^ of the 
corresponding beams as these intersect in the aperture — B a G, in 
the figure,— and again (2) by the aperture-image distance. 

The first measurement stands in relation with the object aper- 
ture distance and t he linear distance between the points of origin of 
the beams which are under consideration ; the second measurement 
determines the extent to which these beams will separate behind 
the aperture. 

Bringing now into relation with each other the law governing 
the size of the diffusion disc with the law governing the spacing out of 
points upon which the separate diffusion discs are centred, we arrive 
at the law which governs the re.«3olution of the simple aperture 
image. 

This law may be expressed as foUowa : — 

For the separate definition in the image of any lifX) points in the 
object, it is essentiul : first, that the " separation angle " — i.e. the 
angular distance between lines draam from the points in question to 
the centre of the aperture — shall be greater than the angle of aperture, 
and^ secondly, that the receiving screen shall be set back 8njli.cientl}f 
to allow of the corresponding beams extricating themselves cotnpletely 
from each other. 

The series of diagrams — Figs. 7-11 — which we have already 
considered in connexion with the magnification of the image, 
furnish a series of simple illustrations of the law of resolution aa 
formulated above. 

Commencing with Fig. 1 1 B, we see that we have here, in the cir- 
cumstance that the angular distance between the points is greater 
than the angle of aperture, an operative factor which determines 
that the separation of the axes of the incident beams shall proceed 
more rapidly than the opening out of the component rays of the 
individual beams. 

We have in association with this the circumstance that in the 
second and third positions of the recei\nng screen, the beams from 
the separate points reciprocally extricate themselves from each other. 
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The resolution which is obtained is thus in conformity with the 
law just formulated. 

The progressively improving resolution in the three positions of 
the screen in Fig. 10, and the improved resolution obtained in Fig. 9, 
as compared with Fig. 8, by the setting back of the receiving screen, 
is the result of the operation of precisely similar causes. 

A study of Figs. 7 and 8 shows that in each case the angle of 
aperture is here smaller than the angle of separation between the 
upper and lower points of the flame. Thus, in each case we have 
the conditions under which the setting back of the receiving screen 
would give better resolution. 

Fig. 11 A illustrates the fact that resolution may be impaired by 
the setting back of the receiving screen. 

The fact that the diameter of the aperture is here greater than 
the linear distance between the points in the object gives us an angle 
of an aperture w*hich is greater than the separation angle. 

This imports that the linear distance between the deHmiting 
rays of the individual beams will, behind the aperture, increase more 
rapidly than the linear distance between the axes of those beams. 
In association with this will be the progressively greater overlap 
and the progressive impairment of resolution shown on the second 
and third positions of the receiving screen. 

Summarizing the teaching of the diagrams, we arrive at the 
following — 

( 1 ) The setting back of the receiving screen from the aper- 
ture will improve or impair resolution according as the separa- 
tion angle is greater or leas than the angle of aperture. 

(2) The limit of resolution for a particular aperture will 
have been reached when elements which are in the object separ- 
ated by a distance just greater than the diameter of the aperture 
have been separately defined. 

(3) Where this limit has been reached an improvement in 
the direction of further resolution can be obtained only by 
diminishing the size of the aperture. 



4. R^olutlon in deptb. 

The problem of resolution was considered in the last section 
only in its relation to the separate definition in the image of elements 
disposed one beside the other on the same optical plane in the 
object. 

We have to consider, in addition, the question of rtaolviion i» 
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depth, i.e. the question of ttie separate definition in the image of 
elements, which in the object lie directly one behind the other upon 
different optical 'planes. 

Such resolution ia not obtained in the simple-aperture image. 

To see to what extent the quality of the image may be impaired 
by defect of resolution in depth, we may take the case of a compound 
object whose constituent elements are disposed on widely separated 
planes. 

We may take, for instance, the case where we have a single 
candle set up in close proximity to the aperture, and some distance 
behind, two other candles. In this case the image of the object is 
confused by the superposition of the images of the further candles 
upon the image of the nearer candle (Fig. 13). 



Fio. 13, 

When we look into the cause of this confusion we recognize that 
this confusion of nearer and further is in reality only a special case 
coming under the general law, that separate definition of two objects 
is obtained only when the beams from those points separate out 
from each other. 

S. Obstructive Interference. 

Closely atesociated with the question of resolution in depth is 
that of the effect exerted upon the image by obstructive interference. 
It w^ill Buffiee for the present to note that the interposition of an 
opaque element in any position between the radiant object and the 
receiving screen will involve the projection of a dark shadow upon 
the picture and the blotting out of eo much of the object aa is sub- 
tended by the obstacle. 



9* Summary of the salleot features of the slmple-aperture Image. 
The achievement of a satisfactory image of anj^ minute object 
involves compUance with the conditions which contribute respec- 
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lively to high magnification, brilliancy, resolution in plan, and 
resolution In depth. 

Magnification. We have seen that the size of the object is to 
the size of the image as the object-aperture distance is to the 
aperture-im^e distance. 

In conformity with this, any desired magnification can be obtained 
in the simple aperture image by an adjustment of the distances 
between the object, the aperture and the receiving screen. 

Brilliancy. The brilliancy of the image — ^meaning thereby, its 
average brilliancy per unit of area — is governed by (a) the luminosity 
of the object ; (6) the dimensions of the aperture, and (c) the object- 
image distance — i.e. the total distance, measured from the object 
to the receiving screen, 

The lunjinoaity of the object remaining the same, the brilliancy 
of the image will vary, directly as the size of the aperture, and in 
accordance with the law of inverse squares with the object-image 
distance. 

The achievement of better illumination thus involves a setting 
forward of the receiving screen and an increase in the dimensions 
of the aperture. 

Eesolution. Representation in the case of the simple aperture 
image is, as we have seen, always a question of the repre&entation 
of points by diffusion discs. 

Separate definition of the points or larger features of the object 
is obtained only in the case when the angle which these subtend 
at the aperture is greater than the angle of aperture, and when the 
receiving screen is set back to the point at which the beams which 
take origin from the elements in question have extricated themselves 
from each other. 

In accordance with this it is impossible in the simple-aperture 
image to obtain separate definition of points which are separated 
by a linear distance less than the diameter of the aperture. 

A fortiori it is impossible to obtain separate definition of points 
lying one directly behind the other. 

It is also impossible to bring into view any object which is dis- 
posed behind an opaque obstacle. 

7. Dilemma of the simple-aperture Image. 

Taking a general auri-ey of the conditions set forth above as 
essential to the achievement of adequate magnification, briUiancy, 
and resolution in the simple aperture image, it will be appreciated 
that these are mutually exclusive. 
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Attention may be concentrated upon the circumstance that illu- 
mination such as will permit of the employment of high magnifica- 
tions can be obtained only with a large aperture, while satisfactory 
resolution can be obtained only by the employment of a small 
aperture. 

We are here obviously face to face with the alternative that we 
must either sacrifice resolution to illumination, or illumination to 
resolution. We may conveniently think of this as the dilemma of 
the simple-aperture image. 

We shall see in the next chapter how, by the use of a lens, a way 
of escape is found both from this dilemma, and from that confusion 
of nearer and further, which is, as we have seen, inseparable from 
the simple-aperture image. 



CHAPTER VII. 

ON IMAGE FORMATION BY THE LENS-ARMED 
APERTURE. 



Introdttcto/y — ReseiT^Iancea between the itnage furnished by the. *' simple " or 
"vacant aperture,^' and the image fumiehed bythe"kn8-amud,"a'perture- — 
Differences betivecn tiie simph aperture image and the kna image — Sep- 
arate definition of elements placed aide by side upoti the same object plane 
— Separate definition of elements placed ore behind the other on different 
focal planes — Imaging of elements in tfte object which are concealed jrofn 
direct view by intervenitiff ob^tatZc^. 

Conception of a " Vista." 

" Point VI8TA9 "^ — Dimemions which come itiio consideration in the case 
of a ** point vista" and method of measuring and ex-pressing these 
dimensions — " Angular aperture " — " Numerical aperture " — Examples of 
the method of calculating angular aperture and numerical aperture — 
Connexion beiween the configuration of a vista and the quaiity of the 
image dttained — Relation between aperture and the greater or less bril- 
liancy of the point image— Helati on betuven the aperture and the greater 
or less sensitiveness of the image to alterations of the focussing 
adjttstment — Relation between the aperture and the greater or le^s liability 
of the image to occuitation hy intrusive elements — Conception of inter* 
penetrating point vistas — Infiuenee of the aperture upon the definition of 
the focal images in the case of intrusive vistas, 

" StrftFACE Vistas" — Configuration of {&.) tJie simple magnifying vitita, of 
(b) the simple minifying vista, and (c) of the vista in which mag- 
nification is foUotced by minificaiion — Dimensions which come into con- 
sideration in the case of surface vistas — Relatiem between the configura- 
tion of the surface vista and the st^le of the image — Examples of the 
application of the formtdrs for the determination of the magnification 
of the irrutge — Extent of the object field which is wtaged — Examples of the 
application of the formula for determining the extent of the object field 
— Quality of the image — Influence exerted by the aperture of the vista upon 
resolution in plan— Influence exerted by the aperture of the vista upon 
resolution in depth — On the aperture of tfie vista as a factor which determines 
the extent of (he plane of origin occulted by an intrusive element and the moTA 
or less satisfactory representation in the image of partially eclipsed eiements. 

Conception of a Vista eta a sequence of radiatit platies. 

9i m 
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Conception of a Catena of Vi&ta-s — Image formation m a catetta of 
surface visias — Law governing ike inversion of the image in a catena of 
surface vistas — Methods of measuring tJie acaU of the image obtained on 
the terminal plane of a catena of vistas — Determitmtion of the scale, of the 
terrmmd image of a catena of vistas bp dividing the numericat aperture of 
the opening angie (N.A.) by the numericat aperture of the closing angle (n.a.\ 
— On the imaging of the. sutce^give optical planes of the original vista — 
Inxaging of the, apertural plane of an antecedent vista in the apertural 
planes of all the follcm^ng vistas — Preliminary indications of the practical 
applicotiQns of the fact that the field upon which is imaged the apertural 
plane of the antecedent vista corresponds in area and position u^ith th^ 
apertural plane of the follouHng vista — Exploitation of the circumstance 
that the secHotial measurefncnt of the image of the aperture of tfie antece- 
dent vista furnishes the sectional measurement of the Ramsden disc of the 
following vista — Exploitation of the circmnstance that in a catena the 
apertural plane of eivry antecedetH vista is imaged and ainilable for 
scrutiny in the Ramsden disc of the terminal visla — Association of pro- 
gressit*6 restriction of the aperture unth eutnulative magnification, and 
preliminary inditxttio^ns of the significance of this progressive restriction 
of the aperture in connexion mth the decelopment of a critical image, and 
the limit of microscopic resolution. 

1, Introductory, 

We may most conveniently pass from the study of image forma- 
tion by the vacant aperture, to the study of image formation by means 
of the lens-armed aperture, by comparing the course and configura- 
tion of a beam of light transmitted in a symmetrical manner 
through a lena-armed aperture with the course and configuration 
of a beam transmitted through the same vacant aperture. 

The course of the beam, meaning thereby in each case the course 
followed by the axial ray which traverses the centre of the aperture, 
will in the two cases be essentially the same. 

The configuration of the beam will, on the contrary, be very 
different. In the case of the vacant aperture the beam will, as 
is sbownt in Fig. 1 4, A, be represented upon the screen by a luminous 
disc which will expand aa the distance between the receiving 
in screen and the aperture increases. 

In the case of the lens-armed aperture, the beam may be laid 
down upon the screen according to circumstances, in the different 
forms indicated in Fig. 14, B, C, and D, and again with more detail 
in Figs. 15, 16 and 17. 

In Fig, 14, B, and Fig. 16, wehave.a beam originating at a point 
Ijdng between the principal focus upon the surface of the lens. 
The diagram shows that the delimiting rays — and what holds true 
of these holds true of all the included rays — are bent in by the lens 
in such a manner as to diminish the angle of divergence of the beam. 
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In conformity with this, the beam would be laid down upon the 
screen at progressive distances from the aperture in the form of 
diffusion discs, which are, as a comparison with those in Fig. 14, a, 
reveals, in each case smaller than those which would be obtained 
with an unarmed apertiire of equal diameter. 







Fia 



In Fig. 14, c, and Fig 16, we have in each case a beam taking 
origin in the principal focus of the lens. In each case the rays 
which diverge from the radiant point are rendered parallel by the 
lens, with the result that the point is represented upon the screen 
set up at progressive distances from the aperture by a succession 
of discs of uniform size. 

In Fig. 14, D, we have a beam taking origin beyond the principal 
focus of the lens. Here the divergent rays are rendered convergent 
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aperture, and receiving screen occupy in the two cases the same 
relative positions — an image on the same scale. 

The corollary that the lens is, from the point of view of the 
achievement of magnification, absolutely inert, is so fundamental 
and J at the same time, so unfamiliar, a proposition, that it will 
be profitable for the reader to convince himself of its truth by 
undertaking the following experiment. 

Experiment. Take a piece of cardboard perforated by an 
aperture just large enough to admit the point of a pencil. Set up this 
perforated screen in froot of two lighted candles. 

Now let these two conjointly do duty as an object, and let the dis- 
tance between the two represent the dimensions of the object. 

Covering the aperture of the perforated screen with the convex 
lens, bring a receiving screen into position so as to obtain at the con- 
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jugate focal distance a sharply focussed image of the candles. Taking 
•off from the centres of the individual images, measure by the aid c.f a 
pair of calipers the distance between the mid pointa of the candles in 
the focussed picture. 

Now take away the lens and, keeping everything eke in place, go 
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S, DiIIer«Dces between the simple-aperture image and the lens image. 
Differences emerge between the lena image and the simple-aper- 
ture image in the matter of — - 

(a) The resolution of the image in plan ; 
(6) The resolution of the image in depth ; and 
(c) The imaging of the elements of the object which are 
screened from direct view by interposed objects. 

4. Separate deflnitton of elements placed side by side upon the same 
object plane. 

Fig, 14 D, and the experiment in subsection 2, supra, have 
brought it home to ua that the lens when disposed at an appropriate 
distance from the object is capable of dealing with beams taking 
origin from that object in such a way as to concentrate the system 
of rajB which proceeds from a radiant point upon a focal point 
in the receiving screen, The superiority which this gives to the 
lens image over the simple-aperture image, from the point of 
view of the resolution of elements placed side by side in the 
object, comes very strikingly before the eye on comparing the 
two diagrams (Figs. 19 and 20). In contrast with what occurs 
in the case of the simple-aperture image, we see that the beams in 
the case of the lens image extricate themselves completely from 
each other, giving oa in the conjugate focal plane separate 
definition of each point in the object, 

5. Separate definition of elements placed one behind the other on 
different focal p1aD%> 

By the fact that the lens effects in the case where the receivings 
screen is placed in the conjugate focal plane a concentration of 
every ray of the beam upon its axial ray, there is secured in the 
case of the lens image not on'y definition in plan but also defini- 
tion in depth. 

The difference which obtains in this rei=ipect, as between the lens 
image and the simple-aperture image, emerges on comparing Fig. 21 
with Fig. 22, which differs from it only in the respect that the lens 
has been imposed upon the aperture. While in the case of the 
simple-aperture image the points A and B, placed directly one behind 
the other on the line of collimation, and C, disposed vertically above 
that line at a distance less than the diameter of the aperture, are 
represented in the image by a system of overlapping diffuaion discs, 
the points A, B, and C are in the cose of the lens image separately 
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6. Imaging of elements in tbe object which are concealed from direct 

view by Intervening obstacles. 

In addition to points of difference considered in stibsections 4 

and 5 there is a further fundamentally important point in which 

the pictures produced by 
the agency of a lens differ 
from the pictures pro- 
duced by a vacant aper- 
ture. A dLflferent effect 
is produced in the two 
cases by the interposition. 
of an obstacle in the 
direct line between tb& 
radiant point and the 
receiving screen. 

The figures below will 
elucidate this difference. 
It will be seen that, in 
the case where the simple 
aperture is employed, th& 
partial obstruction of the 

beam involves the projection upon the screen of an expanding 

cone of shadow and a notable disfigurement of the image. 

T\Tiere a lens is employed the partial obstruction of the beam 

involves nothing more 

than a reduction of the 

luminosity of the image. 

The radiant point is, as 

is shown in the diagram, 

BtiU imaged in proper 

form and in proper jrosi- 

tion on the receiving 

screen by the agency of 

the circumventing rays, 

wliich come into focus 

from the peripheral zone 

of the lens. ^'°- ^*' 

It will be convenient at this stage, before going more deeply into 

the questions which arise in connexion with lens images, to possraa 

ourselves of a conception which will facilitate the discussion of the^j 

optical problems before ub. 



Fig. 23. 
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7. Conception of a " vista." 

The exposition of the manner in which an image is built up in 
an optical instrument such as the microscope is encumbered by the 
circumstance that the optical element which has been considered 
has always been the individual ray. 

So large a number of separate rays have to be considered, and so 
complicated and so diverse is the course of each of these rays, that 
it becomes a matter of difficulty to achieve any adequate mental 
picture of the aggregate of 
luminous impulses which 
are passing up through the ^ 
instrument. 

A way of escape out of 
this difficulty may be per- 
haps found by dealing with 
a larger optical unit than 
the ray. We may conven- 
iently — as was suggested 
to me by my friend Mr. 
Gordon — take as our opti- 
cal unit the figure which is 
traced out in an optical in- 
strument by the path of a 
luminous impulse from a 
focal point of origin to its 
conjugate focal point. 

We may speak of this 
optical element as a vista, 
or, more specifically, as a 
pomt vista. 

It will be profitable to 
familiarize ourselves with 
the configuration and struc- 
ture of the different varie- 
ties of " point vistas." pio. 25. 



8. Pohit Vistas. 

(1 ) The lozenge-shaped figure (Fig. 25, a), which is delineated 
when a beam enters a lens and is fooussed by it upon a point, 
constitutes what we may speak of as the type form of poinfc 

vista. 



72 



PRmCIPLES OF 5IICR0SC0PY 



We may distinguish in it : 
{a) The pole of origiB, A. 

This corresponds to the radiant point from which the beam of light 
proceeds. 

(6) The opening limb, with its included opening angle, C, A, C\ 

This corresponds to the diverging pencil of light which passes into 
the lens. 

(c) The equator or waist, C, C, where all the component rays 
run a course parallel to the axis of the beam. 

This region corresponds, in the case of the simple convex lens here 
under consideration, with ita principal plane. 

(d) The closing Hmb with its included closing angle, C, B, C 

This ooixesponda to the pencil of hght which converges upon the 
focal point, 

(e) The terminal pole, B. 

Thia corresponds to the focal point. 

The above " type form " of the point vista is divei^d from 
under certain conditions. 

(2) \Miere the diverging beam is rendered parallel by the 
first lens, and is brought to focus by the agency of a second 
lens, we have to deal with a vista such as that represented in 
Fig. 25, &. 

The conical extremities of the figure here constitute the opening and 
closing limbs of the vista. The waist or region of parallel rays is repre- 
sented by the cylindrical region of the beam which intervenes between 
these conical extremities. 

(3) Where a beam emerges from the front lens of a combina- 
tion in the form of a diverging beam and ia afterwards focussed 
by a second lens, its configuration is as represented in Fig. 25, c. 

In such a vista the waist is represented by a mathematical plane 
positioned in the back lena. 

(4) Where a beam which has already been rendered con- 
vergent is brought to a nearer focus by the aid of a supple- 
mentaiy lens, its closing limb assumes, in the case where it lies 
in the axis of coUimation, the blunted contour shown in Fig. 25, rf. 
In the case where the beam falls eccentrically upon the supple- 
mentary lens it assumes the incurved contour shown in Fig. 25, e. 
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9. Dimensions which come Into consideration in the case of a point 
vista, and method of measurini and expressing these dimensions. 

In connexion with every point vista we have to consider the 
length of the opening and closing limbs, the diameter of the waist, 
and the ratio which the diameter of the waist bears to the length 
of the opening and closing limbs respectively. 

Dimensions of the opening and dosing limbs. In the ease of a 
*' point vista " the distances A-C, C-B, in Fig. 26 below, along the 
confines of the vista, not A-C', C-B, the distances measured along 
the axis, are taken as measuring the object-aperture and the 
aperture-image distances. The adoption of the former instead of 
the latter measurements is dictated by considerations of conveni- 
ence, it being more convenient to substitute for the measurement of 
AH ajdal path which lies partly in air and partly in the denser medium 
of the lens, a measurement of an outlj'ing path which may be 
assumed to lie entirely in air. 

Such a path, though appear- 
ing in the ease of a diagram as 
a path longer than the axial 
path, is, in accordance with the 
principle that all paths from 
focal point to focal point are 
equal each to each, in reality 
optically of the same length. 

Dimensions of the aperture. 'Wlien we f*peak of the aperture of 
the vista, we have for the most part in view not the linear aperture 
(i.e. the diameter of the waist), but the angular aperture. 

10. Angular aperture. 

Angular aperture may, for the purposes we have here in view, be 
■defined as the ratio which the semi-diameter of the waist bears to 
the opening or, as the case may be, to the closing of the limb of the 
Tista. It is obtained by dividing the semi-diameter of the waist 
(C-C) by the measurement of the opening or, as the case may be, 
of the closing limb of the vista (A.C. or B.C. as the case may be). 

The expression thus obtained is technically styled the sine of 
the divergence angle — the divergence angle being half the angle 
enclosed within the opening or, as the case may be, the closing limb 
of the vista. 

11. Numerical aperture. 
UTien it is desired to institute comparisons between the dimen- 
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siona of aa angle measured in air and the dimenaions of another 
angle measured in another medium — for instance, in oil or water — we 
employ for the purpose of the comparison numerical aperture^ as 
distinguished from simple angular aperture. 

Put otherwiise, we refer our measurementa to a common standard 
by multiplying the angular aperture (obtained aa explained in 
stib^ect. 10) in each case by the refractive index of the medium in 
which the focal length has been measured. 

The expression thus obtained : — sine of divergence angle mttlH- 
plied by the refractive inrfex of ike inedium in which the focal lettffth 
has beemneasured — is what is understood by the expression iiumericcd 
aperture. 

It is conTentionally denoted by the symbol N,A. We shall find 
it convenient, with a view to distinguish in each case between the 
numerical aperture of the opening hmb and the numerical aperture 
of the closing limb, to employ, in the first case, the symbol — N.A., 
in the second case, the symbol — n.a. 

The real significance of numerical aperture will appear on con- 
sideration of the following: — 

Wa „„™. +k™* *u^ ^^«-.™. • - semi-diameler of the waist _„„„„^„j.„ 

V\ e saw that the expression — 5^ ^i — represents 

oo}ect-aperture dtstance 

the angular aperture of the opening limb of the vista. 

What we proceed to do when we substitute for this angular 
aperture the numerical aperture is to increase, in the case where an 
immersion fluid of higher refractive index is substituted for air, the 
Talue of our fraction. This result is achieved by multiplying the 
numerator by the factor corresponding to the shortening of the 
focal distance which would have been effected if the measurement 
of this distance had been made in air instead of in the immersion 
fluid. 

The justification for the statement that the focal distance would 
have been shorter if it had l^een measured in air will appear on 
following out, in connexion with the diagram below, the following 
simple train of reasoning. 
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Conceiving here of a viata in the diagram as having its pole 
of origin in the conjugate focal point B, on the right hand of the 
figure, and of the luminous impulse as carried backwards from this 
point to its conjugate focal point in front of the lens, and following 
the course of the delimiting ray, we see that it is refracted on enter- 
ing and leaving the back lens, that it again undergoes refraction on 
entering the front lens, and that it finally issues on the front surface 
of the lens into the homogeneous immersion fluid without further 
refraction. 

It will be manifest that the conjugate focal point A, which is 
arrived at in such a case is more remote from the lens than the con- 
jugate focal point A', which would have been arrived at if additional 
refraction had taken place at the front face of the lens, as would 
have happened if the beam had emerged from glass into air. 

The increase of the value of the fraction by a factor correspond- 
ing to the difference between the shorter and the longer focal distance 
finds in this consideration its justification.* 

12:. Examples of the method of calculating simple angular aperture 
and numerical aperture. 

Example I. The linear aemi -aperture of the vista, ia 5 mm., the 
length of the opening limb of the viata measured in air is 16 mm. 

The angular aperture of the opening limb ia accordingly j\ (0-31). 

Tije numerical aiwrture of the opening limb (N-A.) is in tliis case identitial 
with its simple ongular aperture, inaamuch aa the measurement of the 
Opening limb ia undertaken in air, i.e. in a medium whose refractive index 
ia represented by unity. 

E X am plea. The linear semi^apertiu'e of a viflta ia 6 mm. The length 
of the closing Umb me^isured in air ia 80 mm. 

Tlie angular ai>erture of the closing limb is accordingly j,'\[ (0-06). 

The numerical aperture of the cloaing limb (n.a.) ia again identical with 
ita ftimple angular aperture. 

Example 3. The linear aperture of a vista is 4 tmn. The length of 
the operiing limb measured in oil is 3 mm. 

The simple angular aperture ia 4 (0'6B). 

To obtain the N.A., we dimiuiah the length of the opening limb in the 
proportion in which it would have been diminished if it had been measured 
in air. 

We eflfett our purpose in the most eonvenient manner by multiplying 
the nunterator by 1 -5 — the refractive index of the oil : 

N.A. = ^-\^'^' = 1. 

' For proof of the proposition that the focal lengtlia of the lena, as 
measured respectively in air and in an imineraion fluid, are related to each 
otlier 6S the refractive indices of theae media, the reader ia referred to 
special optical treatises. 
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13. Connexion between the configuration of a vista and tlie qualil^ 
of the image obtained. 

Consideration teaches U8 that the conceptions of magnification 
and inversion which suggest themselves in connexion with images 
taken generally, have no application in connexion with the image 
formed at the terminal pole of a point vista. 

The image of a point cannot be conceived of as either erect or 
inverted, or as diminished or magnified. 

There are, however, other properties which may be predicated of 
a point image, 

{a) The image may be more or less biiUiant. 

(&) It may be more or lees sensitive to an alteration of the 
focussing adjustment. 

(c) It may be more or less Uable to occultation by elements 
intruding into the vista/ 

((f) It may be more or less distorted by spherical and chromatic 
aberration. 

(e) Lastly, it may be more or less complicated by diffraction 
phenomena. 

Reserving until later {Caps^ VIII and IX) the consideration 
of the disturbances introduced into the point image by chromatic 
and spherical aberration and by diffraction respectively, we may 
consider here only the relation between the aperture of a vista and 
(a) the brilliancy of the image ; (6) its sensitiveness to inaccuracy 
in the focussing adjustment ; and fc) its liability to occultation. 

14. Relation between aperture and the greater or less bdlllaitcy ot 
the point image. 

Consideration will show that the luminosity of the image will 
he Influenced by the aperture of the vista. Where much light is 
gathered in by the lens the image will obviously be more brilliant 
than in the case where the aperture is narrow and little light m 
gathered in. 

15. Relation between the aperture and the greater or less sensitiveness 
«r the image to alterations of the focussing adj ustment. 

Fig. 28 iselow will make it manifest that in the case where 
we are dealing, as in B, with a vista possessing only a smal] angnl&r 
aperture a relatively large excursion of the focus will exert com- 
paratively little effect on the superficial area of the image (diffusion 
disc) laid down upon the receiving screen. When, on the contrary, as 
in A, we are dealing with a vista possessing a wide angular aperture. 



DIAGE FORJIATION BY LENS-ARI^IED APERTURE 77 

ft very small excursion of the focus will transform the focal-point 
image into a dififusion disc of veiy sensible dimensions. 

A moment's consideration will make clear the import of 
these facts. It will make clear that the greater the change 
eflFected in the image 
by a Diiaimum ex- 
cursion of the focus 
the more accurately 
will it be possible 
to locate the optical 
plane upon wliich the 
focal point is disposed. 
Further, it will bring it 
home to the mind that 
sensitiveness to altera- 
tion of the focussing 
justment is the correla- 
tive of the achievement 

of resolution in depth. 

Flu. 28. 

16. Relation between tbe aperture and the greater or less liability 
of the image to occultation by intrusive elements. 

The effect exerted on the image by an intrusive element will, 

according as that element 
* is positioned in the open- 
ing limb or closing limb 
of the vista, be determined 
by the sectional measure- 
ment of that ojwning limb> 
waiat, or closing limb. 
Fig. 29 makes it plain 
that an obstacle which, 
placed in the waist of a 
narrow -angled vista — a — 
occults the image or, as 
the case may be^ darkens 
it down appreciably, 
^ effects, when placed Ln the 
waist of a wide-angled 
viflta — c— only an insig- 
nificant reduction of the 
^^^- '^- brightness. 
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What applies to the case of intrusive obstacles in the waist of 
narrow and wide-angled vistas respectively, will manifestly apply 
with even greater force to the case of intrusive obstacles positioned 
in the neighbourhood of the poles of such vistas. 

17. Conception o! interpenetratiiif point vistas. 

An isolated point vista, such as has up to the present been con- 
sidered, could present itself only in the case of a radiant point 
set up in front of a lens in complete darkness and vacancy. In 
eveiy other case we have, in addition to the point vista primarily 
under consideration, other point vistas taking origin from radiant 
points^ disposed upon the same optical plane, or disposed, as the case 
may be, one behind the other upon different optical planes. 

Where a system of beams taking origin from points disposed 
upon the same optical plane comes under consideration, we may 
speak of this aggregate of point vistas as a surface vista. 

Where beams taking origin from points disposed one behind 
the other on different optical planes are focussed by a lens upon a 
succession of conjugate focal planes we may speak of these beams as 
constituting inter penetrating instas. We may also speak of the 
vistas which interpenetrate with the vista primarily under con- 
sideration as intrusive vistas (Plate VI, A and B). 

18, Influence of the aperture upon the deflnltion of the local images 
in the ease of intrusive vistas. 

W^e have seen that resolution in depth is always a matter of the 
definition of point images upon the field furnished by the optical 
sections of the interpenetrating vistas. 

The definition will manifestly be satisfactoiy or unsatisfactory 
according as the luminosity of the point image differs more or less 
noticeably from the luminosity of the diffusion disc which provides 
the enveloping field. The luminosity in question will, as considera- 
tion will show, in every case be inversely as the superficies covered 
by the unfo cussed beam. 

It follows that clear definition of points on the same Ene of 
allineation will depend directly upon the aperture as determining 
the configuration of the vistas which come to focus before and 
behind the vista which is under consideration. 

The diagrams A and B on Plate VI will enable the reader to 
reaUze this dependence. 

It emerges from a consideration of these diagrams that the 
limi t of resolution in depth is given in each case by the extent to 
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which the receiving screen must be set forward or back to achieve 
the expansion of the focal point of the interpenetrating vista into a 
disc whose luminosity is sufficiently reduced to permit of the focal 
point of the antecedent or eucceeding point vista standing out 
upon it in clear relief. 

19. Surface vistas. 

By the term Bxirface vista we may, as was suggested above, 
denote the aggregate of point vistas, which, taking origin side by 
eide upon one and the same optical plane, paas through the aperture 
of the same lens. 

Configuratimi and structure. 

We may distinguish in 
the surface vista : — 

(o) A plane of origin — 
corresponding to the ob- 
ject field. 

(6) An equatorial or 
apertural plane. This is 
variously designated the 
Ramsden disc, the La- 
grange disCf or the pvpil of 
ike len^. 

{c) A terminal plane — 
corresponding to the fo- 
cussed image. 

In the ease of the sur- 
face vistas shown in Fig. 

30, the plane of origin ^^^ ^^--^-nc" ^^^*'b* 

is in each case indicated 
by the letters a', a, o' ; 
the terminal plane by 
the letters b\ b, b' ; the 

equatciriai plane by the letters c', c, c' ; and in the case of the axial 
beam the object-aperture distance by a, c% and the aperture- 
image distance by the letters c\ 6. 

2a. Configuration of {a) the simple ma^niiying vista, ol (6) the 
simple minifying vista, and ol (c) the visU in which magniflcation is 
(ollowed by miniflcation. 

The figure above brings before the eye the two more important 
varieties of surface vistaa. 
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Magnifying vista. The distinguishing features of a magnifying 
vista (Fig. 30, A) are the following ; — 

(at) Its terminal plane is larger than its plane of origin ; 

(6) Its closing limb is longer than its, openijig Umb ; 

(c) Its closing angle is smaller than its opening angle. 

Minifying vista. A minifying vista (Fig. 30, B) can be recog- 
nized by three features : — 

(a) Its terminal focal plane is smaller than its plane of origin ; 

(&) Its closing limb is shorter than its opening limb ; 

(c) Its closing angle is larger than its opening angle. 

Magnifying and minifying vista. It will be convenient to 
discriminate between simple magnifying vista represented in B, 
and such vista as that represented in Fig. 63, where magni- 
fication obtained by the agency of the front lens is reduced by the 
agency of a supplementary lens. It will be recognized in the diagram 
that the supplementary lens bends in the diverging axes of the out- 
lying point vistas, and thus diminishes the magnification, while it 
gives, by bringing the terminal poles of these point vistas into the 
field, a corresponding extension to the field of view, 

21. Dimensions which come into consideration in the case of surface 
vistas. 

The dimensions which we have to consider in the ease of a surface 
vista are : — 

(1) The diameters of the plane of origin and the terminal 
plane respectively ; 

(2) The length of the oi>ening and closing Hmbs; 

(3) The diameter of the apertural plane, and 

(4 ) The sines of the opening and closing angles respectively, 
i.e. the ratios which obtain I>etween the semi-diameter of the 
aperture and the length of the opening, or, as the case may be* 
of the closing limb. 

The second, third, and fourth of these dimensions correspond in 
each case to those of the point vista inscribed about the optical 
axis. 

22. Relation between the configuration of the surface vista and the 
scale of the image. 

If we are furnished with the diameters of the object field 
and image field respectively, we obtain the magnification by 
dividing the first of these magnitudes into the second, in con- 
formity with the formula ; — 
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^ , Diameter of termimd idnne of the viskt. 

(a) Magjiificaiion = ^^ 



Diamder of the plaiie of origin of the. vista. 
K we are furnished with the lengths of the opening and elosuig 
limbs we can, in the case where vistas such as those in Fig. 25 a 
and 6 are in question, obtain the magnification by dividing the 
first of these magnitudes into the second in conformity with the 
formula ; — 

,, . _, .^ , Length of ike closing limb of the vista. 

(b) Magnmcalion = , , — v-; -r- — t - £ j "t = — 

Length of the opening hmb of the vtsta. 

If we are furnished with the nummeal aperture of the opening 
and closing limbs of the central point vista (N.A. and n.a. respec- 
tively) we arrive at the magnification by dividing the first of these 
measurements by the second, in accordance with the formula ; — 

(c) Magnification = - ' '^ ' 

23. Examples of the application of the formulae for the deter- 
mination of the magnification of the image. 

Example I. The diameter of tlie receiving screen (t^rmlnfll plane of 
the viata) iii I cm. The diameter of the object field in view (plane of origin 
of the vista) in 1 mm. 

Applying Formula (a), we find that the magnification ia 10-fold. 

Example 2. The focal diBtance at which the lens is working (length 
of the opening limb of the viata) ia 1 cm. 

The conjugate focal distance at which the image is formed (cloeing limb 
of the vista) ia 10 cm. 

Applying Formula {b), we find that the magnification is 10-fold. 

Example 3. The Numerical Aperture of the or)ening angle (N-A.) is 
0'2. The numerical aperture of the closing angle (n.a.) is 0-0'2, 

Applying Formula (c), we find that the magnification is 10-fald. 

24. Extent of the object field which Is Imaged. 

In the case where the magnification and the diameter of the 
terminal plane have been determined, the dimensions of the object 
field which is included in the image are arrived at in the following 
simple manner: — 

Diameter of the image feld. 

Magnification of the image. 

25. Examples of the appUcation of the above formula. 

Example i, Tlie diameter of the image field is 1 cm. Tlie magni- 
fication of the image is 1 0-fold. The diameter of the object field in view is 
1 cm. +10=1 mm. 

Examp le 2. The diameter of the image field is, as before, 1 cm. ; the 
magnifying power is 50-fold ; the diameter of the object field in view i* 
1 cm. -i- 50 = 0-2 mm. 
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26. Quality of the im^ige. 

The excellence of the image consists — 

(a) In the achievement of separate definition in the image of 
radiant points which lie side by side upon one and the same optical 
plane. 

(6) In the separate definition of radiant points lying one behind 
the otlier ; 

(c) In the satisfactory imaging of such radiant points as maj^ be 
hidden from direct view by intervening obstacles. 

27. Influence exerted by the aperture of the vista upon resolution in 
plan. 

Inaamuch as the regolution of the image is affected by every- 
thing which causes the foeu-ssed light of the individual beam to be 
dispersed over a surface of appreciable extent injstead of being con^ 
centrated upon a mathematical point, the full discussion of the 
question of reaolution must necessarily be reserved till we have had 
an opportunity of considering the phenomena of spherical and 
chromatic aberration and of diffraction. 

It will suffice for the moment to note with regard to im- 
pairment of resolution which is due to diffraction, that this 
acquires importance only in the case where light passes through a 
contracted aperture. 

28. Influence exerted by the aperture of the vista upon resolution 
tn depth. 

We have already, in considering the quality of the image obtained 
in the point vista, seen that the image plane and in correspondence 
with this the plane of origin of the beam cannot be located with 
accuracy except in the case of a wide-angled vista. Again, we have 
seen in connexion with interpenetrating vistas, that the wider the 
aperture the more clearly does the focal image stand out from the 
diffusion discs of succeeding or preceding vistas. 

In the case of aggregates of point vistas such as we are here deal- 
ing with, similar but proportionately greater advantages are obtained 
by the employment of the wide aperture. The advantages of in- 
creased aperture are more particularly sensible in the case where 
the element which is to be viewed lies immediately in front of another 
similar element. 

Such a case is represented in Plate VI, C and D. 

In each case a blue object point, a, lies directly in front of another 
blue point, 6. 
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In D, where we are dealing with a narrow-angled vista, the point 
b is imaged on a field of saturated blue furnished by the beam which 
proceeds from a. As a result, the resolution of the poiots a and b is 
very imperfect. 

In C, on the con- 
trary — owing to the in- 
vasion of the centrally 
placed blue vista de- 
rived from 6 by the 
colourless flanking vis- 
tas derived from 6', b" 
— b k clearly imaged as 
a blue point upon a field 
of a pale unsaturated 
blue. 
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29. On the aperture of the vista as a factor which determines the 
extent of the plane of origin occulted by an intrusive element and the more 
or le^ satisfactory representation in the image of partially eclipsed elements. 

We may most conveniently study the effect of the intrusion of 
obstacles into a surface vista by the aid of the following experiments. 

Experiment I. 
Take a convex lens poa- 
eessing a focal length of 4 
to 6 inches, and, holding 
it at some 8 inches from 
a lighted candle, project 
a focussed image of the 
tiame upon a screen. 
Now introduce into the 
surface vista thus con- 
stituted an obstructing 
obstacle, such as the point 
Ffo. 32. of a pencil. 

Note the following points ; — • 

(a) When the obstacle is introduced into the vista, either in the 
neighbourhood of its plane of origin or in the neighbourhood of its ter- 
minal plane, the shadow of the pencil will lie as a dark band across the 
image. In addition to the band of total eclipse, an area of penumbra 
will appear upon the image (Fig. 31). 

(b) Wlien the obstruction is brought closer to the lens the area of 
total eclipse will be diminished and the area of penumbra proportionately 
extended. 

(c) When the point of the pencil ia, aa in Fig. 32, brought up close 
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to the lens, no portion of the candle undergoes total eclipse. The shadow 
will now be diffused in tlie form of a faint peuumbia over the whole 
ext'ent of the image, 

Experiment 2. Repeat tlie experiment with the lens stopped 
down by placing it behind a small aperture in a sheet of cardboard. 

The obstruction, wherever introduced, now produces a wider band of 
total eclipse in association with a more extensive penumbra. 

It 18 to be noted tliat when the aperture in the cardboard is reduced 
to very small dimenaions the lens image no longer possesses any sensible 
advantage over the image produced by the simple unarmed aperture. 
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It has been brought out in the experiments above, and in the 
fig^tres which illustrate them, that the intrusion of obstacles into a 
surface vista may have as its result, on the one hand, the develop- 
ment of areas of complete eclipse, and, on the other hand, the 
development of incomplete eclipse or penumbra. 

It will be understood that a point of complete eclipse corresponds 
in each case to the complete occlusion of a beam ; a point of 
partial eclipse to a partial occlusion. 

30. CoQceptlon ot a vista as a sequence of radiant planes. 

The data which have been furnished by the experiments set 
fort'h above can be analysed in a number of different Tvays. 

(a) We may proceed upon the conception that we are dealing in 
the case of the candle and pencil with a surface vista which contains no 
other radiating points beyond those positioned in the candle flame. 

(6) We may, on the other hand, conceive of our surface vista as 
containing not only the fundamental radiant plane of the candle, 
but also a continuous succe^ion of derivative radiant planea. 

Fig. 34, which reproduces with further detail the candle flame 
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and obstacle represented in Figs. 31, 32 and 33 supra, and in Fig. 35 
i»/ra, will aid in the realization of these two different points of view. 
If we here regard the luminous points a', a", a"', a"", a,"'", in the 
plane of the candle flame (A) as the sole sources of light.and if we leave 
out of account as sources of light the nodal points &', 6", b"\b"", 6'"", 
produced by the intersection of the rays fromo', a'\ a*", a"", a'"" in 
the plane B, the obstructing object will be conceived of only as an 
opaque obstacle and the dark patch in the image on screen A' in 
Fig, 35 only as the shadow and penumbra of that obstacle. 
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If on the other hand, we take the view that the nodal points 
b\ 6", h"\ 6'"', 6"'- ' are, equally with the radiant points in the candle 
flame, entitled to rank as light sources, then the obstructing object 
will come into consideration also as the original of the image in B', 
and the shadow which Ues upon the image on screen A' (Fig. 35 ) 
will come under consideration as the forerunner of the focussed 
image which appears upon the screen B'. 

The simplification which is achieved by viewing from this latter 
point of view the problems which arise in connexion with image 
formation in the microscope will appear as we proceed. 

31. CoDoeption of a catena of vistas. 

Wlien, instead of placing the receiving screen at the terminal 
plane of the vista we carry it farther away, the focussed beam will, 
as we have seen, spread out again behind the focal point. A further 
lens or combination of lenses may then be employed to re-focus 
these diverging rays. 

A catena of vistas will now have been constituted. 
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In the figure below are figured different types of such catenas. 
At A we have a catena of three elements corresponding to a beam 
in the optical axis which is focussed by one lens, re-focussed by the 
second, and again re-focussed by a third lens. 

At B we have a catena corresponding to an axial beam which is 
focussed in the first vista by two lenses and again re-focussed in the 
second vista by two lenses. 

At C we have a catena corresponding to the path of an obliquely 






Fig. 36. 

incident beam which is focussed and re-focussed by the same series 
of lenses. 

At D we have the catena of surface vistas which represents the 
catena shown in B, flanked on either side by a catena similar to that 
shown in C. 

82. Image formation in a catena of surface vistas. 

It will have been appreciated that, when a system of beams has 
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be€n focuaaed upon the terminal plane of a first vista and has 
then been re-focussed, there is obtained upon the terminal plane of 
the second vista a replica of the first picture. 

The replica obtained on the terminal plane of such a following 
vista is in no case a facBimile reproduction of the first image. 

It differs from it— 

(1) In the respect that the image has undergone inversion 

An additional vist-a is often introduced into the composition of an 
optk-al instrument, ea, for instence, in the case of the "day telescope," for 
the purpose of converting an inverted into an erect image. 

(2) In the respect that the image is ordinarily an image on a 
different scale. 

In iwintof fact, it is piimnrily for the achievement of cumulative msigni- 
fication tliat eoncatenation of \ifit4as La resorted to in optical inatmmenta. 

(3) In the respect that there is superadded to the original 
picture a focussed image of any adventitious object which ia 
disposed in any one of the preceding image planes, 

An iidditianQ] vista may — as, (or inat-ance, in the case of the eikono- 
tneter, described below — be introduced into a catena for the puq>ose8 of 
applying a measuring Bcale to an image. 

(4) In the respect that the beams come into focus in eacli 
succeeding vista at a different angle and yield, as we shall see, 
in conformity with this, a different diffraction picture. 



33. 

v^tas. 



Law governing the inveislon of the image in a catena of surface 



By the re-inversion of the inverted image formed upon the 
terminal plane of the first vista ^ve obtain an erect image upon the 
terminal plane of the second vista. In the case where a third vista 
is employed we obtain again an inverted and, in the case where a 
fourth vista ia added again an erect image. In brief, an inverted 
image ia obtained with every odd, an erect image with every even 
number of concatenated vistas. 

34, Methods of measuring the scale of the image obtained on the 
terminal plane of a catena of vi$t<^. 

As indicated above, the terminal image is ordinarily on a different 
scale from the image formed on the intermediate focal plane or 
planes. The magnification of the terminal image can be arrived 
at by a variety of different methods. 
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( 1 ) We may measure by any of the methods which are appro- 
priate for this purpose the magnification achieved in each com- 
ponent vista separately and then multiply together the figures 
we have obtained. 

(2) We may, as is done, for instance, in the case of the eikono- 
meter, presently to be described, apply a scale to the terminal 
image and compare the dimensions of this image directly with 
those of the original object picture, 

(3) We may divide the N.A. of the opening angle by the n.a, 
of the closing angle of the catena. 

The last-mentioned method may with advantage be elucidated, 
as it leads up to the consideration of some of the most important 
optical properties of a catena of vistas. 

36. Betermination of the scale ot the terminal Image of a catena of 
vistas by dividing the numerical aperture ol the opening angle (N.A.) by 
the numerical aperture of the closing angle (n.a.)- 

The quotient furniahed by the division of the numerical aperture 
of the opening angle of a vista by the numerical aperture of its 
closing angle furnishes, as we have seen in &ubsecs. 22 and 23 
sjtpra, the measure of the magnification achieved in the individual 
vista. 

What holds true with regard to the appraisement of the magni- 
fication of the unconcatenated vista holds true also with respect 
to the appraisement of the cumulative magnification achieved in a 
catena of vistas. 

This follows from the circumstance that the closing and opening 
angles of successive vistas of a catena are (as will be seen on referring 
to Fig. 36 A, B, and C, or to Fig. 37, which illustrates Examjde 1 
below) in each case vertical and, by consequence, equal angles. 

In accordance with this w© arrive at the same arithmetical result 
when we divide the sine of the opening angle of an antecedent vista, 
by the sine of the opening angle of the next following vista, as 
when we divide the sine of any opening angle by the sine of the 
closing angle of the same vista. 

Following thk out upon Fig. 36, in connexion with the first 
example given below, it will be seen that the final result arrived at 
will be the same whether we — 

(a) Divide directly the sine of the opening angle of the catena 
by the sine of its terminal angle, or whether we — 

(b) In a series of operations — 
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(a) Divide the eiue of the opening angle of the first vista by the 
sine of the closing angle of this vista, 

(/8) Divide the sine of the opening angle of the second vista by 
the sine of its closing angle, 

(7) Divide the sine of the opening angle of the terminal vista 
by the sine of ita closing angle, and finally, 

(fi) Multiply together the quotients obtained in this series of 
operations. 

Examfit 1.— Required the magnification achieved in a catena 
of vistas whose dimensions are as in the diagram and table below. 
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Til© cumulative magnification is obtained indifferently by multiplying 
together the quotients representing the magnification of the separate vistas 
2 X 2 X 2-5 {vide \a»t column of Table), or by dividing the aine of the 
opening angle of tlie ayBt^ni (0-8) by the ctine of the terminal angle of the 
system (0-08). 

TJie magnification works out by e^ither procedare Bs a lO-fold magnification. 

Example 2. Required the magnifj-ing power of the same catena of 
viataa, in the case where the opening limb of the system is measured in 
oil possessing a refractive index of 1-5, the other distances being, as before, 
measured in air. 
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InBtead of dealing, in the ease of the opening angle, simply with the 
sine, we have to deal with the N.A., i.e. with the sine of tSie opening angle 
multiplied by the refractive index of the oil in wliich the focal length is 
measured. 

Substituting for the simple angular aperture O-S, given in column 4 of 
the Table above, the numerical aperture (0-8 x 1-5 = )1 -2, and leaving the 
measurements of the other angles, aa given in coluinii 5, unaltered, we 
obtain here a mugnification of {1'2 -4- 0'2 = )6 for the two first vistaa taken m 
conjunction, and a magnification of (1-2 -i- 0-08 = ) 15 for the whole Byatera. 

36. On the imping q! the successive optical planes which are con* 
slituent elements of the original vista. 

A good deal more than lias as yet appeared is involved in the 
concatenation of vistas. When we concatenate one vista to another 
we reproduce in the following vista, not merely the image of the plane 
of origin of the first vista, but also images of the sueeeasion of 
radiant planes which together constitute that first vista. 

Put otherwise, every following vista in a catena is built up of 
a series of replicas of the successive optical planes which constitute 
the antecedent vista. 

The scale and general character of these rephcas taken severally 
is determined by the operation of the self-s*ame laws which have 
application to the reproduction of the image of the plane of origin 
of the catena- 

{a} The successive images are in each case inverted, 

(&) Again within certain limitations the scale of the images is 
determined by the relative lengths of the object-aperture and aper- 
ture-image distances which come in each ease into consideration. 

(c) Adventitious elements which are included anywhere in an 
antecedent vista are reproduced in accurate focus upon the 
corresponding optical plane in the following vista. 

The general principle having been laid down, the case of the 
imaging in successive vistas of the apertural plane of an antecedent 
vista suggests itself for special consideration. 



37. Imaging of the apertural plane of an antecedent vtsta in the aper- 
tural planes of all the following vistas. 

As a preluninary to considering the imaging of the apertural 
plane of an antecedent vista in the following vistas of a catena, we 
shall do well to realize, that the apertural plane of a surface 
vista which is generally conceived of only as a blank field traversed 
by a system of intersecting pencils of parallel rays, may also, as 
win be seen on referring to Plate VII, Figs. 3 and 4, be conceived 
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of as aa object plane occupied by radiant points corresponding to 
the points of intersection of the rays which pass through the 
aperture. 

Each of these ways of eonceiying of the aperturaJ plane is inade- 
quate. We achieve an adequate conception only when we rea.lize 
that we have to deal in the aperture of eveiy lens in a catena with 
two systems of luminous impulses. One of these categories of 
luminous impulses has in the aperture reached what we speak of && 
the mid-point in its journey from plane of origin to plane of focal 
destination. These impulses are those we have in view when we 
think of the apertural plane as occupied by pencils of parallel rays. 

From the nodal points formed by the intersection of the rays 
of these several pencils there springs into birth a new system of 
luminous impulses. The birthplace of this new system is in the 
apertural plane of the lens. 

When now the luminous impulses first mentioned come to focus 
upon the terminal plane of the first vista, forming thereon an image 
of their plane of origin, those luminous impulses, just referred to, 
which radiate from the nodal points in the apertural plane, will, in 
conformity with the fact that they are exactly half the length of a 
vista behindhand, have arrived only at that phase of their journey 
in which they, as pencils of parallel rays, reciprocally interpenetrate. 

These luminous impulses will arrive at their plane of focal destin- 
ation half the length of a vista farther on, that is to say, in the 
apertural plane of the second vista of the catena, and they will there 
furnish a focussed image of the apertural plane of the first vista. 

The same sequence of events will repeat itself in every viata. 
Of the two systems of luminous impulses, the antecedent one will 
always attain its focal phase when the following one attains its 
Ramaden dtsc phase ; and, vice versa, the following one \vill 
always attain its foca! phase where the antecedent one attains its 
Ramsden disc phase. 

The plane of origin and the original apertural plane will, as a 
result, be imaged and re-imaged in an alternating maimer through- 
out the whole length of the catena. 

As a corollary to the above, we may not^e that the sectional area 
which functions, in relation to the .system of impulses which derive 
from the plane of origin of the catena, as image field functions, in 
relation to the system of impulses which derive from the apertural 
plane, as Ramsden di-^e ; and, vice versa, the sectional area which 
[unctions in relation with the first-mentioned system of impulses as 
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Ramsden disc, functions in relation with the system of impulses 
which derive from the apertural plane as image field. 

33. Preliminary Indications of the practical applications of the fact that 
in a catena the Qeld upon which is imaged the apertural plane of the 
antecedent vista corresponds in area and position with the apertural plane 
of the following vista. 

The circumstance that the image of the original aperture is 
carried on in a catena from vista to vista, and that it is positioned in 
each vista in the Ramsden disc of that vista, occupying the same 
sectional area, can be turned to account in two ways, 

It enables us, on the one hand, to obtain the sectional 
measurements required for the determination of the sines of the 
opening and closing angles of a catena. It enables us, on the 
other hand, to scrutinize the aperture of the first, or any following, 
vista in the aperture of any succeeding vista. 

S9. Exploitation of the circumstance that the sectional measurement of 
the image of the aperture of the antecedent vista furnishes the sectional 
measurement of the Ramsden disc of the following vista. 

The sectional measurement of the Ramsden disc of the terminal 
vista which is required in connexion with the determination of the 
cumulative magnification 'of the catena can, in the case of the 
microscope, be obtained by applying a scale to the image of the 
objective aperture which is formed on a plane a little above the 
eye-lens. 

Proc&lure. Talse in one hand a pocket lens and in the other a 
finely divided tranaparent scale, such as is available in the diiTraction 
grating (ruled -kvith 16 lines to the millimetre) supplied in the cover of 
this booli. Bend down over the eye-piece until the aerial image of the 
back surface of the objective (Plate X, Figa. 1, 2, 3), which is poftitioned 
at a distance of perhaps 5 mm. to 10 mm. above the eye-Iena, is brought 
into view. Keeping this under observation, briiig tlie measuring scale 
accurately into the aame optical plane, and read off upon it tJie number 
of divisions covered by the image. The measurement tims read off 
corresponds to the diameter of tlie Ramsden disc of the terminal vista 
of microscope* 

From the measurement made as above the diameter of the aperture 
of the opening vista of the microscope is obtained by multiplying by a 
factor corresponding to tlie magnifying power of the ocular (vide Cap. 
XIII, subse^L 4.5). 

40. Eiploitatlon of the circumstance that in a catena the aperture of 
every antecedent vista is imaged and available for scrutiny In the 
Ramsden disc of the terminal vista. 
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The following are some of the ways in which we can, in con- 
nexion with microscopic work, turn to account the fact that the 
whole sequence of apertures tlu-ough which the light passes in the 
microscope can be found imaged in the Ramsden disc of the eye- 
lens. 

We can, by examining the Ramsden disc of the eye lens by the 
aid of a magnifying glass, ascertain — 

(a ) Whether the aperture of the objective iB or la not fully filled 
in with the transmitted beam ; 

(b) Whether the back lens of the objective is encumbered with 
dust ; 

(c) TATiether the front lens of the objective — in the ease where 
this is an immersion lens— is encumbered with an air bubble ; 

{d) Whether the substage diaphragm is of suitable dimensions ; 
(e) WTiether the centre of the substage diaphragm is in accurate 
alignment with the centre of the aperture of the objective. 



41. As^oeiaticm o( progressive restriction of the aperture with cumulative 
mafniflcation, and preliminary indications of the slgoiflcance of this 
progressive restriction of the aperture in connexion with the development 
of a critical Image, and the Hmit of microscopic resolution. 

We have seen that the angular aperture of the closing limb is 
less than that of the opening limb in every magnifying vista. 

We have further seen in the course of working out the example 
in aitbaect, 35 supra, that in a catena in which cumulative mag- 
nification is achieved, the Ramsden disc, and in association with 
this the angular aperture of the terminal beam, diminishes in a 
progressive manner in each successive vista. 

This restriction in the diameter of the transmitted beam entails 
the following consequences which are of absolutely fundamental 
importance in connexion with the microscopic image. 

(1) As the diameter of the beam becomes more and more 
restricted the disturbance which is due to diffraction is 
rendered more and more prominent. 

This disturbance will come up for consideration in Cap. IX. 

(2) The difficulty of focussing the eye in an accurate manner 
upon the image ia increased. 
Vide supra. Fig. 28, and m/m. Cap. X, ntbaEtt. 9, ExpenftKnts 2 and 3. 

(3) As the diameter of the beam diminishes, smaller and 
smaller intrusive obstacles — and we can never get away from 
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small obstacles in the form of dust upon the eye lens and eye- 
lashes and intra-ocular opacities — eclipse more and more 
of the image. Finally the retinal screen is so encumbered 
with shadows that distinct vision is at an end. 
In point of fact, it is in the last instance, as the reader will 
see on referring to Cap. XVI and Plate XVIII, the narrowing of 
the beam and the projection of shadows upon the retina which 
imposes a Umit upon the magnification used in the microscope. 



CHAPTER VJII. 

ON THE DEFECTS WHICH ARE INTRODUCED INTO 
THE IMAGE BY SPHERICAL AND CHROMATIC 
ABERRATION IN THE LENS. 

IntroHuctory — JI>Utortion 6y apherical abtrration — Method of correctiti(i tfie dis- 
tortion prodttf^d by »pfierical aberration — -THstottion due to chromatic 
abeffatiofi — Method of correcting for chromatic aberration. 

1. Introductory. 

In the foregoing chapter it has been tacitly assumed that a heam 
taking origin from a mathematical point in the object L'Sj by the 
agency of the lena, brought to focus upon a mathematical point in 
the image. It was in like manner assumed that beams taking origin 
upon one and the same optical plane iu the object would in the 
image be brought to focus at one and the same distance behind the 
lens. 

In point of fact, neither the one nor the other of these assump- 
tions holds true. The lena in every case produces distortion. We 
JTiBy discriminate between a distortion by spJierical aberration and 
distortion by chrofnatic aherration. 

2. Distortion by spherical aberration. 

Where a lens which has not l>een corrected for spherical aberra- 
tion is employed the transmitted beam is shaped, not into a cone 
converging in a regular manner upon a single focal point, but into a 
cauMic converging as shown in the diagram (Fig. 38, A) upon a series 
of focal points disposed one l>ehind the other upon the same axis. 
It will be seen that the most remote of these focal points corresponds 
to the rays which traverse the centre of the lens, and that the nearest 
corresponds to the rays w^hich traverse the periphery of the lena. 
As a result of this the image of a radiant point is constituted not by 
a single mathematical point, but by a focal point enveloped in a 
diffusion disc. • 
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Again, in the case where the lens is uncorrected for spherical 
aberration, beams proceeding from different parts of the field are 
brought to focus upon different focal planes. The beams which 
take origin in the centre of the field converge upon a more remote^ 
beams from the periphery of the field upon a nearer focal plane. 



LETTER 



s 



Fig. 38. 

As a result, a plane surface in the object is in the image represented 
by a surface which is concave towards the lens. And as a further 
result, elements in the centre of the field of the image are, in con- 
formity with the fact that the corresponding beams come to focus 
upon a remoter focal plane, more highly magnified than those in the 
periphery of the image field {Fig. 38, B). 

Both these forms of distortion become progressively more pro- 
nounced as the convexity of the lens increases. 

Experiment t. Take a capillary filament of glass and shape 
it into a splierical len» by fusing its extremity in the flame as already 
explained {supra. Cap. II, ^ect. 1, »ybsed, 2). 

Hold this lens at some lillle distance from this page in such a manner 
as to furnish a minified image of the print. Examine tl»s image through 
a pocket lens, and note that the letters which occupy the centre of the 
field of view are imaged on a much larger scale than the letters which 
occupy the periphery of the field (Fig. 38, B). 

Experiment a. View through the lens a system of parallel 
lines. Note that they are distorted in tfie manner shown in Fig. 39, A. 

Experiment 3, Taking up a position within a few feet of the 
window and facing it, hold up the spherical lens before one eye and 
note that the mndow is represented in the image by a barrel-shaped 
figure (Fig. 39, B). This barrel -shaped configuration is conditioned by 
the circumatance that the panes in the centre of the field of view are 
represented in the image on a larger scale than the panes in the periphery 
of the field. 
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Experiment 4, Inscribe on the window pane with a glaas-writing 
pencil ft H^>T!<tem of t)aralle! line* or a ruh'ng of squares and set up in front 
of it a microscope provided with an Abbe or another uncorrected con- 
denser. Focus down now with a one-inch objective upon the image of 
the ruling which is furnished by the condenser. Note that the parallel 
lines or, as the case may be, the squares are in the image distorted in 
exactly the same manner e^a the lines in Experiment 2 or the panes in 
Experiment 3, supra. 



Fk;. 39. 

BHOWnfO THE HATCRE OF THE DISTOBTIOif WSICH la EFFECTED BV 
SPKEBICAI. ABERRATtOSf- 

3. Hettiod of correcting the dbtortion produced by spherical aberr^ 
tion. 

Spherical aberration ie corrected by lengthening out the focus 
in the case of those rays which traverse the peripheral zones of the 
lens. This is achieved by combining concave with convex lenses 
and aiao in a subsidiary manner by re-adjusting, as occasion may 
require, the relative positions of the lenses in any optical combination. 

The last-mentioned metliod of correcting splierical aberration is placed 
at tlie dUposal of tlio nucroacopist, in the case where the objective is fitted 
with a correction collar {vide infra. Cap. XIII, subsect. 36, under Correction 
Collar). 

A lens system which has been corrected for spherical aberration is 
apoken of aa an ajilanalie combination — the term aplanatic finding 
its appropriateness in the circumstance that in the case where the 
lens is duly corrected there is no longer any wandering away of the 
component T&ysi of the transmitted beam from the conjugate focal 
point. 

The following points are to be observed — 

(1) All that it is practicable to achieve in the matter of the 

correction of the spherical aberration of a lens is to achieve an 

undistorted image upon some one selected conjugate focal plane. 

We shall see hereafter, in connexion with the objective and draw 

tube (Cap. XIII, subsetu. 35 and 42), and again {Cap, XV, subject. 10), 

u 
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in connexion with the achievement of a critical microscopic image 
that in the case of objectives designed to work respectively with 
the long, 250 mm. " EngUsh," or short, 160 mm. " Continental " 
tube, the critical image is obtained only when the tube length is 
adjusted exactly to these standard focal lengths. 

(2) A lens system may be designedly over- or under-corrected 
by the maker. 

We shall see hereafter {Cap. XIII, suhaecl. 35, infra) that dry 
objectives are habitually under-corrected in order to make pro- 
vision for the distortion of the opening limb of the beam, which 
is eflfected by refraction where the beam emerges from the cover- 
glass into air. 

The curvature of the field, which has been enumerated among 
the distortion effects produced by spherical aberration, is not abol- 
ished by the corrections which are introduced for the purpose of 
rendering the lens aplanatic. 




Fic. 40. 

SHOWING THE XATrRE OF THE DISTORTIOX WHICH 13 ASSOCIATED WITH THE 
OVEB-CORRECTION OF THE SPHERICAL ABERRATION OF A LENS. 

4. Distortion doe to dironutie abemtioii. 

In view of their different refrangibiUty. the different components 
of white light are in the case where they traverse an unconvicted 
lens, brought to focus on different focal planer. In particular, the 
more refrangible blue rays are brought to focus on a nearer, the less 
refrangible red light on a plane which is more remote from the lens 
(Plate VII, Fig. 1). 

The effect of this chromatic aberration upon the image i$ two- 
fold— 

(1) The image of every radiant point is enot^mpassed by 
coloured fringes corresponding to the diffusion discs of those 
components of the beam which focus, as the case may U\ upon 
a nearer or a farther focal plane than that whioh hap}vns for 
the moment to be under examination. 



Plate VII. 
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These coloured fringes are developed in the most conspicuous 
way along the edges of any shadow which happens to be pro- 
jected upon the field of view. They can be seen also round 
the margins of the aperture of an uncorrected lens system. 

(2) Points on the same radiant plane which emit light of 
different colour— for instance— as in Plate 11, d, — blue and red 
light respectively, — are imaged on different conjugate focal 
planer and on a different scale. The blue objects will be imaged 
on a nearer plane and on a smaller scale ; red objects on a 
farther plane and on a larger scale (Plate VII, Fig. 2). 

Experiment i. Set up, as in Experiment 4, subsect. 2 supra, in 
front of the window a microscope provided with an Abbe condenser, and 
bring into view under a 1-inch or liigher objective the image of the 
window bar which is furnished by the condenser. This will be seen 
fringed (as shown in Plate II a and Plate Illrf) with coloured bands. 

Experiment 2. Place upon the stage of the microscope a film 
preparation of tubercle bacilli mixed with other bacteria and stained 
differentially as shown in Plate II rf. 

If the objective has not been properly corrected for chromatic aber- 
ration it will be found that the bacteria which are coloured in red and 
blue respcGtively are imaged, not as in the figure, on one and the 
same focal plane, but the bacteria which are stained red on a sensibly 
higher plane than the bacteria which arc coloured blue. 

Experiment 3. Hold up to the eye an ordinary bigh-power 
ocular. Kote that the aperture of the diaphragm which represents 
the aperture of the combination is margined by a faint blue band. 

5. Method of correcting for chromatic aberration. 

While chromatic aberration can be abolished only by the em- 
ployment of monochromatic light, more or less complete corrections 
can be effected by combining convex and concave lenses of different 
refractive indices. 

Wliat is aimed at in the case of the ordinary — so-called achro- 
matic obiective — is a bringing together of the foci of the red and 
blue rays, in particular, a bringing together of these foci in the case 
of the beams which occupy the centre of the field. 

In the case of apochromalic objectives of Zeiss, a higher degree of 
chromatic correction is attained. Here the maker aims not only at 
the complete synthesis of the foci of the blue and red rays which 
lie at opposite ends of the spectrum, but also complete synthesis of 
the foci of the rays which occupy an intermediate position in the 
jctrum, and further he aims at the achievement of this correction 
rer the whole area of the field. 
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For the attainment of this object it has been found necessary 
to over-compensate the objective and to imder-compensate the 
ocular. The under-corrected oculars which complete the chromatic 
corrections of the apochromatic objectives are technically known 
aAcompznscUion-oculara. In the case of such under-compensated 
oculars the aperture of the combination which is brought into view 
by looking into the dismounted ocular in the direction of the 
window is fringed by an orange-coloured in lieu of, as in the ordinary 
ocular, by a blue band. 



CHAPTER IX. '»*•'•• 

ON THE DEFECTS INTRODUCED INTO THE IMAGE BY 
DIFFRACTION OCCURRING IN THE APERTURE 
OF THE LENS, 

Inttoductory — Brief exposition of tht undulation theory of light — Conteplion of 
the r*«to ntodified in »ueh a tnanner a* to bring it into occord with the more 
adequate ettncfption of the light distribution in the lens itrutge now achieved, 
and fignipcation to be alt€tchtd to the term ''avtipaint'' — Antipoint of a 
luminou»point viewed through a rrslricted eircular oftcniny — Antipoint of a 
luminous point i^ifited throuijh an aperturt: u/tirh ix r^Atricttd along one dia- 
meter — A nt ipoint pattern of a file of jmints — A ntipoint pfittern of a luminous 
«wface — Dependttws of the antipoint pattern upon the brilliancy of the 
source of light, and distinctiori between " theoretical " and " conspicuous *' 
antipoint. Law which governs the ditnensiona of the " theoretical,^' as 
distinguished from the "conspicuous^' antipoint — Practical importance of 
the antipoint in Connexion u'ith the microscopic image — On the central 
flenietitM of the antipoint and on the loss of resolution eniaited by the 
o%^erlnpping of the false discs of adjoining anlipoints — On the outlying 
chmentJt of the antipoint considered in relation to the devtlopnient of 
*' spurious detail" in the image — Development of "' intercostal apaUi'" — 
Antipoint patterrts furnished by diffraction gratingn — Preliminary experi^ 
menta VHth the diffractioti grating — Dimenmons of the antipoint pattern 
furnished by a grating — Examples, and verificntion of Ike formula for the 
dimen&ionii of tfte antipoint furnished by a grating — Development of 
" intercostal tinea " in such a form as to produce doubling or trebling in a. 
periodical ruling. 

Appendix 1. — On J fete'* theory of microscopic vision and on the effect 
• of diffraction occurring in the object plane and opening limb of the t>i*la, 

Appesdix II. — On the development of tlte tnedian intercostal lin« 
considered as a fiduciary phenomenon upoti which accurate adjtifftmeiit 
tnay be made in making optical meaiiurementJt. 

i, iDtroductory. 

In the foregoing chapter we considered the effect produced upon 
the image by spherical and chromatic aberration, and we saw that it 
was possible by the aid of corrections to bring the different com- 
ponents of the beam to one and the same focus. 

In this chapter we are confronted with the fact that there remain 
after the impediments to resolution which are furnished by spherical 
and chromatic aljerration have been overcome, a further impedinient. 

The impediment in question is furnished by the diffracted light 
which comes off from the beam as it passes the apertiu^ of the lens. 
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It will be aftJyi^able a8 a preliminary to describing and illustrating 
the effects, pr&jJuced by such diffraction to consider briefly the un- 
dulati^ii^tKebry of light which furnishes an explanation of these 



'' * 2, Brief exposition of the unduIaUon theory of light. 

The postulates of the undulation theory of light are the follow- 
ing :— 

(a ) Every luminous impulse is propagated outwards in all direc- 
tions from its point of origin in the form of an expanding hollow 
sphere. 

(6) Every point upon the radiant surface of this expanding 
sphere (this surface is technically denoted the irai^e- front) is a 
point of origin of a new luminiferous disturbance which is in ita 
turn propagated through space in precisely the same manner aa 
the original disturbance. 

(c) The impulse is propagated by the communication to the 
particles of ether in each case of a movement transverse to the axis 
of propagation of the luminiferous disturbance. 

{d) The transverse movement in question thrills at one and the 
same instant of time through the whole wave-front. 

Otherwise expressed, the particles of ether included in the same 
wave-front are always in one and the same phase of movement. 

(e) The direction of the thrill-movement is continuously altering, 
the movement being reversed every time that the wave-front has 
passed forwards through a distance corresponding to half a wave-' 
length. It follows that, as the luminous impulse moves forward, its 
phase will correspond to, or be the reverse of, what it was at its point 
of departure, according as the path which has been traversed can be 
expressed in complete wave-lengths, or in odd multiples of a half wave- 
length. 

(/) A sensation of light is originated whenever, under the influence 
of a succession of wave-fronts arriving with regular periodicity upon 
a sentient point on the retina, there is set up there by the lateral 
impact of the transversely vibrating particles of ether a sufficient 
succession of properly timed thrills. 

Two altogether fundamental modifications are introduced into 
our every -day conceptions by the supersession of the emissory 
theory of light.andof the geometrical optics which have served us up 
to this point, by the conception of the luminous impulse as de- 
veloped atove. 
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We are in the first place compelled to conceive of every point on 
the retinal (or other) receiving screen as a point of impact for im- 
pulses emanating from every point of the radiant wave-front which 
occupies the aperture of the lens. Up to the present we have tacitly 
assumed that, in the case where an isolated beam is transmitted 
through a duly corrected lens, light would fall only upon the focal 
point, while the rest of the retina would remain dark. 

In the next place, we can no longer, as we have hitherto, take it 
a^ at^ured that two or more rays — we may still conveniently employ 
the term ray to denote a system of impulses travelling along a 
line — will reitiforce each other at their common point of impact. 
Xor even can we, as hitherto, take it as assured that such a 
point of impact will be a luminous point. Instead of this, we must 
conceive of the common point of impact of a number of rays 
merely as a point of convergence for impulses which will, according 
as their respective thrills tend on the whole to reinforce or to 
neutralize each other, call into existence, or fail to call into existence, 
a sensation of light or. as the case may be. some other light effect. 

We may consider, in the first place, what will be the result of the 
arrival upon one and the same point of luminous impulses from 
two opposite points on the extreme confines of a wave-front. 

(a) WTiere these points are so positioned that the paths from 
each to the point of impact are equal each to each, or, as is ts^umed 
to be the case in Fig. 41, A, optically equivalent, there will, owing to 
the circumstance that the impulses originating in these pointi^ will 
arrive in the same phase, te a simple arithmetical summation of 
the light effect. 

(6) The same thing will hold true when the paths traversed differ by 
ft whole wave-length as in D, or by any multiple of a wave-length. 

(r) Where, on the contrary, the points of origin of the lumini- 
feroua disturbances are so positioned ^^ith relation to the point of 
impact that the paths differ by half a wave-length, as in C, or by 
any odd multiple of this, the succession of thrills conveyed from the 
one point will be exactly neutralized by a corresponding but antagon- 
istic succession of thrilb from the other. A.? the result of this 
antagonism, the light effect, which would have l>een evoked by either 
system of thrills operating separately, will be suppressed. 

{d) Where the difference of path amounts to less than half as in 
B, or more than half and less than one complete wave-length, or 
to any multiple of sucb length, there will be at the point of impact 
a corresponding diflference of phase between the impulses received. 
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every point on the wave-front to the point of impact are all equal, 
or, as ia aasumed to be the case in E, optically equivalent— and 
obviously this can occur only in the case where the point of impact is 
the focal point — there will be a simple summation of the light effects. 

(/) Where the diiference between the paths tra%"erded by the 
light impulses from the extreme margins of the wave-front to the 
point of impact amounts, as in G, to a complete wave-length, the 
path of the impulse a, which starts at the margin of the wave-front, 
will exceed by half a wave-length the path of the impulse a' which 
starts from the centre of the aperture. There will be a similar 
difference between the path of the impulse which starts from the 
adjoining point b and that of the impulse which starts from the 
corresponding point b\ And the same difference of half a wave- 
length will obviously obtain as between the impulse from c and c', 
and so on through the two halves of the wave-front. As a result 
the two halves of the wave-front will exactly neutralize each other, 
and the particular point of impact which, in the case considered 
above (Fig. 41, B), was a maximum point will here be a dark or 
minimum point. 

The beam which converges upon such a dark point may be con- 
veniently denoted a c€Uiginiferotis beam, i.e. a beam which brings 
darkness. 

(g) In the case where the difference of path traversed by the 
impulses from opposite edges of the aperture amounts, as in F, to 
half a wave-length only, or to one and a half wave-lengths, as in H, or 
to any odd multiple of half a wave-length, the paths traversed by 
impulses from the corresponding points in the two halves of the 
wave-front will differ by one quarter of a wave-length, or by an odd 
multiple of this. Arriving, as they will, at the point of impact with a 
corresponding difference of phase, they will, as in the case considered 
above under (tf ), to some extent reinforce each the other, giving 
origin to an outlying maximum point. 



3. Conception of the vfsta modified in such a manner as to bring It Into 
accord with the more adequate conception of the light dliitributlon in tha lens 
Image now achieved, and signiflcatfon to be attached to the term ** antipolat/* 

The conception of the point vista which has done duty up to the 

present must manifestly undergo some modification in order to 

bring tt into accord with the more adequate conception which we 

have now formed of the distribution of the light in the lens image. 

, J'or the conception of a vista converging by a closing limb upon a 
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single point of impact, a conception of a vista terminating, some- 
what as indicated in Fig. 1, Plate VII, in a central closing limb con- 
verging on the focal point and in a number of outlying closing limb-? 
converging on points disposed concentrically round the focal point . 

The central element in this sheaf of terminal beams may now 
be distinguished as the dioptric beam, or as the dioptric dosing limb, 
signifying by the term that the axis upon which this beam is centred 
is carried through the aperture from the pole of origin of the vista 
to the focal point. The outlying elements we may distinguish as 
diffracted beams, or as diffracted eJoaing iimbs, signifying by the term 
diffracted that the axes of the beams in question break off from, and 
form an angle with, the principal or dioptric axis of the beam. 

We may further, in the case where we desire to discriminate the 
element in the image which is contributed b^' the dioptric Ix^am 
from the element which is contributed by the diffracted beams, 
employ, in speaking of the first, the term, the diofitric image, 
and in speaking of the second, the term, the diffraction image 
or diffraction pattern. 

Wliere. as will far more often be the case, we have to consider 
the aggregate image, we may, following Mr. Gordon's suggestion, 
speak of this as the ant{ix>int irnage, or simply as the antipoint, 
designating by this term the full pattern of light which represents 
in the image a radiant point in the object. 



4. Antipoint of a luminous point viewed through a restricted circular 
opening. 

The antipoint of a point will manifestly be the pattern which is 
obtained by intercepting upon a receiving screen placed at the focus 
such a point vista as is represented in Plate VIII, Fig. 1, C. 

In the pattern thus obtained the foUowtng elements are to be 
distinguished : — 

(a) The central disk — technically, but infelicitously, spoken of 
as the false disc. 

This element corresponds to the dioptric beam and to the adjoin- 
ing diffracted beams, i.e. to those diffracted beams whose delimiting 
rays differ in length by less than one complete wave-length. 

The brightness of this central disc is, as will l)e manifest, greatest 
at the centre where the dioptric beam impinges. It falls off rapidly 
towards the edge by virtue of the fact that the beams which here 
impinge beeome less and less luminiferous as the difference lietween 
their delimiting rays approaches to one whole wave-length. 
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(6) A dark ring, corresponding to the points of impact of the 
caliginiferous beams, i.e. of the beams who3e delimiting ray^ differ 
in each case by one whole wave-length. 

(c) A bright enveloping ring, corresponding to the diffracted 
beams whose delimiting rays differ by more than one and iesa than 
two wave-lengths. 

This element is, as will be seen, much inferior in brilliancy to 
the central disc. 

((f) and (c) A further dark ring, corresponding to the caligini- 
ferous beams whose delimiting rays differ by two \^hole wave-lengths, 
and a further bright ring, corresponding to luminiferous beams, 
whose delimiting rays differ by more than two and less than three 
whole wave-lengths. 

Experiment. Place a very small globule of mercury upon any 
smooth surface and break it up into a number of almost microscopic 
globules by pressing down upon it a glass slip. Then dispose the globules 
iu direct sunlight and view one of these from a distance of a few inchei 
through a pin-hole in a card placed immediately in front of the eye. 
An antipoint which will correspond in all respects to that figured in Fig. 
1, C, on Plate VIII, will come into view. 

5. Antipoint of a luminous point viewad ttirou:;b an aperture which 
is restrieted along one diameter. 

The extreme case of an aperture restricted along one diameter 
is represented by a long narrow slit o[>ening. When a luminous 
point is viewed through such an aperture the pattern obtained will be 
that set forth at Plate VIII, Fig. 1,C'. It will be recognized that 
this antipoint representa a median section of the antipoint in 
Plate VIII, Fig. 2, C. the central dash corresponding to the section of 
the central disc and the outlying points to the cross sections of the 
enveloping diffraction rings. It will be recognized on undertaking 
the experiments, below, that the long diameter of the antipoint 
lies always at right angles to the long diameter of the slit opening. 

Experiment i. Rule a line with the point of a fine needle on a 
slip of glass which has been coated with s iot in a candle flame. Turning 
the ujismoked .side of the slip towards you, bring the slit opening, which 
is furnislied by the scratch quite close up to the pupil, and view 
through it any bright point, such as that afforded by a distant candle 
flame. An antipoint .similar to that shown in Plate VIII, Fig. 1, C, 
will come into Wew. 

Rotate the glass slip and verify that the long asis of the antifnnint 
is in every case disposed at right angle* to. tlie direction of the ruling 
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Experiment 2. Inscribe upon the smoked glass a second ruling 
intersecting witli the first in such a manner as to make, let us &ay, the 
vertical angles formed by the intereiecting lines acute and the hori- 
zontal angles obtuse. {Plate VIII, Fig, 2, B.) 

View the distant candle through the point of interseeticm of the lin^. 
There will now be brought into view, not the image of the diSracting 
aperture, but two median sections of the antipoint figure which will 
have been furnished by a point aperture. Observe that these optical 
sections are disposed in such a manner as to make the vertical angles 
obtuse and the horizontal angles acute. (Plate VIII, Fig. 2, C.) 

6. Antipoint |>attern of a file of points. 

From the study of the antipoint figure of a point, we pass by 
a natural transition to consider the composite antipoint figure 
which corresponds to a line or file of points. Such a line, when 
seen through a sht opening, is represented in the image as shown in 
Plate IX, Fig. 1, by a broad principal line disposed between two 
less luminous flanking lines. 

^liere a small circular aperture is substituted for the slit, we 
have brought into view an antipoint pattern which, while it is 
made up of different constituent antipoints — to wit, of false discs 
and circles in lieu of dashes and dots — is in its essential features 
similar to the antipoint pattern furnished by the slit. This simi- 
larity is due to the fact that the rings of the constituent antipoints 
drop out of view, except in those regions where they intersect and 
reciprocally reitiforce eAch other. Plate IX, Fig. 2, TftiU make 
this plain. Here we have laid down in C on a black background a 
series of antipoints such as would be furnished by a file of radiant 
points seen through a circular aperture. If we now cut dovm the 
illumination of the image upon our retina, as we may either by 
looking at the figure through almost closed eyelids, or by looking at 
it through a piece of tissue paper, we see, instead of the discs and 
rings, a broad principal line and two flanking lines similar to 
those in Plate IX, Fig. 1, C, 

Experiment. Raise a fine platinum wire to incandescence in 
the dame of & Bunsen burner, or as an alteniative diHjxise a very fine 
bright needle upon the table in bright sunUght or lamplight in such a 
manner as to reflect light to the eye. 

View the luminous line, which is in each ca^e obtained^ through a pin- 
hole in a card and again through a narrow slit aperture disposed parallel 
to the object line. 

Note that infiteatl of the narruw luminous line which is obtained in 
the image in the case where we employ the full aperture of the pupil, 
we now obtain a broad line corresponding to the central discs of the tile 
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of an ti points, and two narrower and less luminous flanking lines corre- 
sponding to luminous elements derived from the first diffraction ring. 

7. Antlpoint pattern of a luminous surface. 

Consideration will show that the antlpoint pattern furnishing 
a luminous surface will correspond to that which would be obtained 
by apposing the antipoints of the constituent lines into which the 
surface in question can be resolved. Thus, the three discs shown 
in Plate IX, Fig. 3, C. would be arrived at by placing side by aide 
the antipoints of the series of lines into which the disc in Fig. 3, A. 
can be resolved. 

8. Dependence of the antipoint pattern, which is In each case brought 
into view, upon the brilliancy of the source of light, and distinction between 
** theoretical " and "conspicuous '* antlpoint. 

In carrying out the experiments which have been described 
above, many indications will have been obtained of the dependence 
of the antlpoint upon the luminosity of the object. In par- 
ticular it may have been observed that the passage of a cloud over 
the sun conditions, in the case of the experiment with the mercury 
globule {svbscct. 4 supra), the fading out of the ring system and the 
false disc, and in the case of the experiment with the needle {sitb- 
seci. 6 supra) the fading out of the flanking lines and the attenua- 
tion of the principal line. 

We have in point of fact, under conditions of ordinarj-illumination, 
to deal in the image not with the full antipoint which has been 
in question above, but with a mutilated antlpoint, consisting of a false 
disc of reduced dimensions, shorn of its sy-stem of outlying rings. 
We shall find it convenient to speak of the antipoint which happens 
in the particular case to be conspicuous in the image as the '■ coji- 
spicuKms" as distinguished from the " theoretical " antipoint. 

The qupstion will be further adverted to in Appendix I to this 
chapter, and again in CajTS. X and XVI. 

9. Law which governs the dimensions of the "theoretical" as 
distinguished from the "conspicuous" antipoint. 

From the consideration of the pattern and the brilliancy of the 
antipoint pattern we pass naturally to the consideration of the 
dimensions of the antipoint, signifying— be it noted— hero by the 
dimensions of the antipoint, the dimensions of any constituent in 
the antipoint pattern which may be agreed upon, It will be con- 
venient in the followmg to understand by the dimensions of the 
antipoint, unless otherwise specified, the radius of the fake disc. 
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i.e. the linear distance between the point of impact of the dioptric 
beam and the point of impact of the first caliginiferous beam. 

The conditions which determine these dimensionH will readily be 
understood on reference to the diagram below. 

Let ABC represent the dioptric closing limb of a vista passing 
tlirough the lens-armed aperture A B.^ 

Let E F, the radius of the circle described 
round tlie central point E of the aperture, 
correspond to half a wave-length of the par- 
ticular light with which we are here dealing. 

Let B F represent a tangent line falling 
upon the circle from the point B. 

Let C D have been drawn parallel toAB. 

Let E F D be a line drawn from the centre 
of the circle E through the point where the 
tangent line B F touches the circle and pro- 
longed to meet the line C D. 

The point D will be the point of impact of 
the first caliginiferous beam, and the distance C D will represent the 
radius of the central disc of the antipoint. 

Proof. In the triangles E C D (distinguished in the diagram hy 
rulings sloping obliquely upwards and to the right), B F E (distin- 
guished in the diagram by rulings sloping obliquely downwards and 
to the right), the angles E C D, BFE are right angles, and the 
angles C E D, F B E are equal each to each, inasmuch as they are 
in each case completed to a right angle by the angle FEB. 

-; C E D = F B E .•. sine C E D = sine F B E. 

Sine C E D =—? and sine F B E= — 
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Dividing the fraction on the right above and below by E D, 

EF 



CD = 



E B 4- E D 



* While A B C inay hv' taken to represent the medim section of a 
conical beam, it ii here dbcussed as if it were a wedge»8}ia|»d l^eani 
transmitted through a silt aperture. In point of fact a circular ai>ertxire 
would give an antipoint whose dimenpions would ho about one-fifth larger. 
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Substituting now 

for C D, radius of central disc of antipoint ; 

for E F, half a wave-length, and calUng this I \ ; 

E E 
for — - semi-aperture -r aperture-image distance — thenumeri- 

£ L/ 

cal aperture of the closing limb — and calling thia n.a. ; 

we arrive at the formula — 

i \ 
Radius of false disc = -' — 

By a similar line of argument we arrive at the formula — 

lOj^ -75 X 

Radius of first bright ring = 2 ^^ 

" — ti.tt. 
n.a. 

It will he noted that the longer the aperture*image distance, and 

the narrower the aperture, in short, the smaller the w.. a,, the larger 

will be the dimensions of the antipoint. 

Example, Required approximately the radiua of the theoretical false 
tliac and af the first bright ring in thecaaewhereaixjint w!ii<:-h emiti* light of a 
wftve-length of 0-0006 nun. is imaged tlirough a circular aperture, 3 nim, in 
diameter, upon a, receiving 801*^00, set up 250 vam. behind the aperture. 

J \ ia here 0-0003. ■T-'i X is hwe 0-00045. n.a. is here l^ j 0-006. 

T, • , 1 0-0003 

Radius of false djac = = 0-05 mm. (approxiinatelvi, 

0-006 ^ " 

0-00045 
Radiua of lat bnglit ring — = 0-075 iimj. (approximately). 



10. Practical Importance of the antipoint In connexion with the 
microscopic Image. 

The development of the antipoint may affect the microscopic 
image in three different ways :— 

(1) Resolution is abolished where the central element {false 
disc) of one antipoint overlaps the central element (false disc) 
of an adjoining antipoint, and reinforces it in such a mamier 
as to furnish uniform illumination over the region which cor- 
responds to the overlap. 

(2) Spurious detail is introduced into the ima^e in the caae 
where an outlying element of an antipoint is superimposed 
upon an outlying element of another antipoint, in such a 
manner as to reinforce it and bring it into prominence. 

(3) Clear delineation, and, in particular, contrast between 
light and shade, is lost in the case where the antipoints, which 
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coiTespond to beams which traverse the aperture obliquely, 
spread inwards over the field in such a manner as to flood the 
image with diffuse light. 
Tlie first two of these points may be separately elucidated and 
illustrated by experiments. The latter will be referred to in con- 
nection with the adjustments required for the achievement of a 
critical image {infra, Cap. XV, suhsec. 2). 

11, On the central elements of the antipolot and on the loss of 
resolution entailed by the overjappiog of the false discs of adjoining 
anti points. 

The experiments described below make clear the role played by 

the false disc in connexion with the resolution of the image. 

It may be noted with regard to the experiments conducted with the 
microacofw, that they involve the uae of the Abbe diflfract ion outfit, assuppUed 
by Zeiss, or of an extemporized outfit, as explained below. The outtit first 
referred to consista of (a) three ayis terns of niicrometric nilinge on Bihered 
di^-s, {b) appropriate diaphragms, and (r) a »uitable adapter for mouiiting 
and rotating these diaphragms at tlie back of the objective. (Fig. 44.) 

Experiment i. Take a \-isiting card and— using a penknife or 
a pair of scissors — incisB it in .<5uch a manner as to give a sHt aperture 
when the edges of the cut are drawn apart. Placing before you now in 
bright sun- or lamp-light Fig. 43, which represents — in a magnified 
and simpliBed form — the central niJing of the Abbe diffraction plate, 
view the lines through this narrow slit aperture held vertically before 
the eye. An almost imresolved retinal image corresponding to Fig. jlwill 
now be obtained. 

Cany round now tKe slit aperture until it lies transversely to the 
ruling. A perfectly resolved image corresponding to Fig, 43 will now 
be obtained, 

Elucidaiion. The 'n-idening out of tlie brigltt lines into broad luminous 
bands when the sht aperture is disposed parallel to the rulings is a diffraction 
phenomenon exactly similar to that which has already come tmder notice 
in stiibifect, B {supra), where a single bright line was %'iewed UirougU a slit 
aperture held iiarallel to its course. 

It i.-* to be noted that tiie dilTractioii element is present bi the image 
whatever be the disiioaition of the slit aperture. If the antii>oint is con- 
fipieuoua only in the case where the sUt is disposed parallel to the ruling. 
the reason of this is to be found in the circumatance that the thickening of the 
lines, which occurs in connection with this disposition of the slit aperture, 
involves encroachment upon the dark interspaces ; while the lengthening 
out of the lines, which occurs when the slit aperture is disposed trana%"ersely 
to the direction of the rulings, invohes no such encroachment. 

Experiment ia. (To be undertaken with the microscope where 
the Abbe diffraction apparatus is available.) 

Place on the stage of the microscope the Abbe ruling ; fit the adapter 
to the microscope tube and focus down upon the ruling with a one-inch 
objective giving a magnification in the diaphragm of the eye- 
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piece of not more than five diameters. Dbtpose the lines of the ruling 
in the an tero- posterior meridian, and arrange them so that both closely 
and widely ruled lines lie in the 
field of view. 

Now introduce into the slide (Fig. 
45, B), which is designed to carr>' the 
diaphragm, the 1 mm. slit aper- 
ture, and, removing the eye-piece for 
the purpose of making the adjust- 
ment, dispose the sht aperture trans- 
verselj' to the direction of the rulings. 

Replace the eye-piece, and take note 

of the fact that the resolution of Ftu. 43. Fio. 44. 

the picture ia unaffected by the introduction of the atop. Now rotate 
the slit aperture through an angle of 90". The ruling will now appear 
as in Fig. 44. 

Having turned back the slit aperture into its original position, 
repeat the manceuvre, attending carefully to what happens, It will 
be observed that as the slit aperture is gradually carried round iot-o 
parallelism with the rulings the fine lines of the original image are 
gradually widened. As they expand into broad bands the bright elements 
encroach upon the dark interspaces until, in the lower portion of the field, 
they entirely blot out the interspacee, and give us the unresolved image 
of tlie fine grating which is indicate in Fig. 44. 
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Objective fitted to adflpti>r. 
Slide carrying retro-Qbjt'Ctive diapHrfigin. 
c. ». E. Other retro-objectivB diaphragms. 
Fio. 45, 

A simple calculation will show that the overiap of the central e^lementa 
of the antipoint furnished by the sUt aperture ia, given brilliant illuniioation, 
more than sufficient to account for the obliteration of tlie fine rulings, 

{a) Since we are dealing in the fine ruling of the Abbe grating, with 
lines positioned circ. 0-0073 mm. apart, we are therefore dealing in the 5*fold 
magnified image of this grating, with hnea disposed circ. 0-038 mtn. apart. 

I 
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{b) Again, we are dealing with an. image formed at a distance of about 
120 mm., thfough a slit aperture 1 mm. in diameter. 

Appl^dng these data, we can calculate the dimenfiions of the antipomt 
in accordance with the fonmtda {subseci. 9, supra) 

Radius of Antinoint = 

n.a. 

SubBtituting here for X, 0.0006 mm,, it is clear that here the radius of 

0-0003 
central element of the theoretical antipoint — -- = 0*072. 

(c) Bringing the elongation of the principal lines, as calculated in (a), into 
relation with the tiimenslons of the antipoint sa calculated in (6), it will be 
manJfeBt that the dark interspacea in the grating will be complet'ely 
oblittrated even when the Ulumination is much reduced. 

Experiment iB. (To be aubatituted, for Experiment 1a, where 
the diffraction apparatus of Abbe ia not available.) 

Place the grating which is furnished with this book, and which is ruled 
witli 16 Hues to the millimetre, upon the stage of the microscope. Remov- 
ing the eye-piece and fitting to the tube a one-inch objective, rack down tlie 
microscope tube until the rulings just come into view in accurate focus. 

Arrange the rulings in the antero-poaterior meridian. 

Take a pair of parallel rulers and, opening them out so as to form 
a chink about 0-2 milliinetre in breadth, place them with the slit 
aperture thus formed transversely across the open upper end of the 
microscope tube. The image of the rulings which is obtained on looking 
through this slit will not be less well resolved than the image obtained 
in the case where the rulinp were viewed through the unrestricted pupil. 

Now turn the parallel rulers through an angle of 90 degrees, 8o as to bring 
the chink into parallelism with the rulings. Evolution will be abolished. 

Turn back the slit again in such a manner as to bring it obliquely 
across the rulings. Note that at a particular angle of turning resolution 
will be regained. The transverse diameter of the aperture at thia 
point will represent the minimum breadth of aperture which will confine 
the visible false discs within the limits of size required for the resolu- 
tion of the image furnished by the objective. 

(a) AfBuming that the tranaverse diameter of the a)it aperture is 02 

mm., ^6 n.a. of the closing limb of the eye vista is here -^^ ' *= 0*0004. 



2S0mm 
the formula 



KadJua of Antipoint = 



= 0-75 mm. 



Tlie radiuB of the theoretical false disc is by 

i^ 0-000 3 

0-0004 

(6) Tlie separation of the bright lines in the object is 0-06 mm. ; in the 
10-fold magnified image it is 0-6 mm. 

(c) The theoretical false discs will thus overlap the dark interspaces. 

Experiment 2 a, (To be undertaken witli the microscope where 
the diffraction apparatus of Abbe is available.) 

Retaining the aUt aperture in the position of parallelism to the rulings 
in wliich it was left at the end of Experiment 1a, substitute for the ob- 
jective employed in the last experiment an 8 mm. (?, inch) objective 
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giving in the diaphragm of the ocular an image magnified, say 15-20 
diameters. Note that the fine lines can now be resolved. 

The explanation of this fact is to be found in the circumstance that 
the centres of the false discs have now been carried apart to such a 
distance as to prevent, unless under quit* exceptionally brilliant 
illumination, any overlap. 

Utilizing tlie values obtained in the small-print paragraph appended to 
Experiment 1 A, the dimensions which we have here to conaider are aa follows : — 

Radius of the theoretical false disc, 0-072 mm. 

Separation of tlie lines of the fin© ruling in the object 0-0073 mm. 

Separation of the lines of the fine ruling in the 15-fold magnified image 
Oll-O'lSmm. 

Ejcperiment 2B. (To be substituted for Experiment 2a, where 
the Abbe diffraction apparatus is not available.) 

Employing the extemporized apparatus used in Experiment iB, and 
replacing the 0-2 rani, glit aperture above the ocular in a position of 
parallelism to the rulings, fit to the microscope an objective which 
gives, when employed directly with the eye, a picture magnified thirty 
times. An 8 mm. (I inch) objective would do this. 

Note that the rulings are now perfectly resolved. 

Utilizing the valuefl obtained in the small print paragraph appended to 
Sxperittient 1b, the dimensions we have here to consider are aa follows : — 
Radius of the false disc, 0-75 mm. 
Separation of the bright linea in the object, 0-06 mm. 
Separation of the bright lines in the SO-fold magnified image, 1-8 mm. 

12. On the outlying elements of the antipoint considered in relatioo 
to the developrntent of " spurious detail " In the Image. 

We may apply the term spurious detail to outlying elements of 
the individual antipoint, or, as the case may he, of the composite 
antipoint figure, which may impose upon the observer as substan- 
tive elements in the picture. 

Spurious detail may, in the case where i6olat€d points and lines 
are in question, take the form of circles, outlying dots and flanking 
lines, such as were under observation in the experiments in enb- 
secs. 4, 5, and 6, supra. In the case where we are dealing with a 
eystem of parallel ruUngSj it may take the form of intercalated lines. 
In the case where we are dealing with a circle or subcircuJar figure, 
it may take the form of spots inserted centrally into the figure. 

Inserted lines and spots, such as are here in question, are, in 
the technical language of microscopy, spoken of as intercostal 
lilies and sjiots. 

The latter may here be considered. The former will be more 
appropriately considered in connesion with the diffraction patterns 
produced by gratings. 
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13. Development of intercostal spots. 
An intercostal spnt is developed when a file of luminous points^ 

disposed in the form of a circle, ia viewed through a circular 
aperture under conditions where an antipoint is obtained, which 
oonforma, with respect to the dimeasions of its primary ring, with 
the dimensions of the dioptric image of the circle. This is madet 
plain in Plate VIII, Fig. 3, C, which represents the composite anti- 
point pattern which would be produced under these circumstances. 
Of this pattern only the brighter elements, which are seen when 
the figure is viewed through the almost closed eyelids or through 
a piece of tissue paper, are actually brought into view. Thes^ 
brighter elements consist, as will be seen, of a broad circular band of 
light — corresponding to the false discs— and of a central spot corre- 
sponding to the point of overlap of the primary diflFraction rings. 

Experiment. When an electric lamp is available, take up a position 
such that the glowing filament comes into view in the form of a luminoiLa 
circle ; or, in default of an electric lamp, form a circle at the end of a piece 
of platinum wire and raise it to incandescence in a Bunsen burner. 
Place now a very minute pin-hole opening before the pupil. Note that 
the filament appears thickened. This is in conformity with the fact that 
the luminous points are now represent-ed in the retinal image by com- 
paratively large false discs. Now recede farther and farther from the 
lamp so as to cause the dimensions of the dioptric image on the retina 
to shrink while the dimensions of the antipoint remahi unaltered. 
When by these nieans the dimensions of the dioptric image of the circle 
and of the firet ring of the antipoint exactly correspond, a Imnmous 
iniercosttil point will appear in the centre of the figure. 

14. Antipoint patterns furnished by diffraction gratings. 
As above indicated, we may most conveniently study the- 

development of intercostal lines by the aid of diffraction gratings. 
For the purjioses of the necessary experiments, a simple form of grating^ 
is provided in the porket of the cover of this book. 

Ab compared with a simple restricted aperture, a diffraction 
grating has for the purposes of our contemplated experiments two- 
advantages : First, it funiishes conspicuous antipoint patterns, 
with objects of comparatively low luminosity. Secondly, in the 
case of the antipoint patterns, obtained by a diffraction grating, 
the outlying elements of the antipoint. i.e. the elements of the 
antipoint which we are hei-e for the moment interested in, stand 
out much more conspicuously than they do in the case of the 
antipoint figures developed with simple restricted apertures, 

1 A more permanent form of this diffraction grating can be obtaineti 
from Messrs, Sanger Shepherd, Gray's Inn riace, London, W.C. 
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15. Preliminary experiments with the diffraction grating. 

Experiment i. Piece the diffraction grating with its lines dis- 
posed vertically immediately in front of the eye and view through this 
a distant candle flame. Note tiiat in lieu of the one or two parts of 
epectral jmageB which are obtained by a simple slit aperture a whole 
series of such repetitions i* obtained. 

Experiment 2. Place again the grating with ite rulings disposed 
vertically lmme<liately in front of the pupil and view through it a white 
dot or line inscribed upon a black background, or alternatively, and more 
conveniently, a dark dot or line inscribed on a white background. Note — 
and thia exemplifies one of the advantages of the grating as compared 
with the simple restricted aperture — we obtain here a manifest anti point. 
Even in subdued light one pair of flanking dots or, as the case may be, 
one pair of flanking lines (Fig. 46 infra] will be very clearly visible. 

Experiment 3. Place again the diffraction grating with its 
rulings vertical in front of the eye and view through it a dot placed 
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Fio. 40. 
Object. Enlarged reproBPiitation of 

diffraction gifting. 



Ant ipnint pattern &a 
obtained in the imnge. 



on paper. Now rotate the grating and note that, as was the case with 

the simple linear aperture, the flanking points rotate (maintaining always 
their position on the normal to the rulings) in such a manner that when 
the grating has been rotated through two right angles there will have 
been d^cribed by the flanking points a ring system similar to but brighter 
than that which would have been obtained with a simple circular aperture. 

Experiment 4. View through the grating with its rulings disposed 
vertically as in Fig. 46, a long line also disposed vertically. Having 
taken cognizance of the elongation of the flanking line, rotate the grating 
into the position shown in Fig. 47, and note that the flanking lines 
come in closer to the principle line and are arranged as in Fig. 47, c. 

A comparison of Figs, 46, and 47, shows that the reduction in the 
'elongation of the flanking lin^ of the antipoint pattern which is associated 
■with the rotation of the grating is dependent upon a widening out of 
the centre-to-centre distance between iX% apertures along the horizontal 
line. 
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A comparison of the figures further brings out the fact that the 
elongation of the outlj-iiig element a' on the flanking line from central 
element a on the principal line measured in each case upon the normal 
to the rulings of the diSraction grating (a' a' ) is in each case exactly 
the same. 

We have accordingly here to deal, not with a reduction in the dimen- 
sions of the itidi\ndual natipoint but, with the different disposition of its 
component elements. 

Experiment 5. Viewing the same object through the grating with 
its rulings disposed vertically, tilt forward the right or left edge of the 
grating till its ruled surface forma an acute angle with the axis of vision. 
It will now be found that the elongation of the flanking lines haa 
increased. VV^hen the grating is tilted in this manner a larger number 
of apertures are brought in front of the eye, each of these being 
foreshortened, with the result that the dimensions of the antipoint are 
increased in the same manner as if a &ier had been substituted for & 
coarser grating. 
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Object;. Enlarsed r^presestation of 

diifraftion grating. 



Ant [point pattern aa 
obtoiaed ui the imaga. 



16. Dimensiot^ of the antipoint pattern furnished by a grating. 

The only measurement with which we shall have to concern our- 
selves in connexion with the antipoint of a ditiFraction grating is the 
elongation of the flanking point or, as the case may be, flanking 
line. The elongation of this jioint on the retina, or other receiving 
screen, is furnished, not by the formula which applies to the cas& 
of an uninterrupted wave-front and a simple aperture (Fig. 41, E-H 
and Fig. 42), but by the formula which applies where we are deal- 
ing with isolated rays (Fig. 41, A-D). The applicability of the 
formula last mentioned to the case of the diffraction grating will 
be recognized when it is appreciated that each of the narrow 
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apertures of & diffraction grating transmita what is in effect an isolated 
ray. It follows that the elongation of the flanking'point or line can 
in the case of a diflfraction grating be obtained by the formula 
which would be applicable to Fig. 41, D. 

Elongation of first flanking point or line = '■ 

n.o. 

,. , , i centre-to-centre distance of the ruHmr 

n.a. standing here for : -. j^- = --s- 

° aperture-unage distance. 



0000312, and dividing 



17. Examples and verification of this formula for the dimensioDs 
of the antipolnt of a grating. 

Example i. Required the elongation of the flanking lines in the 
grating of the antipoint furniahed by a diffraction grating where the 
centre-to-centre distance (i.e. the distance measured from the centre of 
one aperture to the centre of the next) between the lines is 00625 mm. 
and where the image is projected upon a screen set up at a distance of 
1 metre from the diffraction screen. 

Taking J X =0-0003 mm. ; n.a. as ( ~J^ ) = 0-( 

the former of these by the latter, we obtain the anawer. 

Elongation of the flanking line = 9-6 mm. nearly. 

Verification, Place before you Fig. 48' 
After verifying that the outermost fiduciary 
line to the right is disposed at a dbtance of 
9-6 mm. from the vertical line, set up the ^__^^ 
figure in a bright light at a distance of 1 
metre from the eye, and view it througii the 
grating which is supplied in the cover of this 
book. The apertures upon this grating are 
disposed '0312 mm. apart, giving a centre-to- 
centre distance of 0-0625 mm. {^^ inch). 

Dispose the grating ao that the horizontal line may be seen without 
flanking lines and in perfectly sharp definition. In thia position of the 
grating the flanking lines of the upright line will have att>aiaed 
their maximum elongation, and the flankiitg hne on the right will be 
found to fall in the longitude of the outer fiduciaiy line, which ia, a/6 
we have seen, disposed at a distance of 9-6 mm. from the upright line. 

Example 2. Required the elongation of the flanking Hne in the 
antipoint furnished by the same grating in the caae wliere tlie ime^e is 
formed at a distance of 250 mm. from the aperture of the grating- 

In conformity with the fact that the n.a. ia in this case four times 
greater than it was in the last example. 

Elongation of the fJanking line = 9'6 -^ 4 = 2'4. 

Verificati<m. Employing again Fig. 48 and verifying that the iimer 
fiductarj'^ line to the right is disposed at a distance of 2-4 mm, from the 
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TBr^oitl line, take in hand a rule divided into millimetrea, and place it 
on end upon the figure. Now place the diffraction grating in position 
at 260 mm. from the eye and look through it after bringing its niUn^ into 
parallelism with the vertical line. The flanking line will now coincide 
in position with the fiduciary line which has been in question above. 

Example 3, Required the elongation of the flanking lines in the 
case where the grating has a centre-to-centre distance between the aper- 
tures of 1.6 mm, and where the image is formed 120 mm, behind the 
grating. 

0"5 X 

In the formula — ,0-5\ is here, as before, 0-0003 mm.; and 

/ 0-8 \ 
rt.a. ie ( -^ J =0 0066, Dividing the former by the latter ex- 
pression we obtain as the answer — 

Elongation of the flanking line 0-045 mm. 

Verification. The verification of this result is furnished in connexion 
with Experiment 5, sitbsect. 18 infra. 



18 Development of intercostal lines in such a form as to produce 
doubling or trebling la a periodical ruling. 

Where the conditions are such that the individual line is repre- 
sented in the image by a conspicuous antipoint, we have conditions 
which may in the case of a periodical ruling result in it« doubling 
or trebling by the insertion of intercalated lines. 

Tlie ruling will be doubled in the case when in the image the 
elongation of the flanking line from the principal line corresponds 
to half the periodic interval of the principal lines. 

The appropriate adjustment of these two dimensions may in 
any particular case be made by (a) increasing or, as the case may 
be, diminisihing the separation of the principal lines in the image, 
and (6) by diminishing or, as the case may be, increasing the 
elongation of the flanking lines. The first method of adjustment 
involves a regulation of the scale of the dioptric image ; the 
second a regulation of the dimensions of the antipoint. 

The following experiments will bring clearly before the under- 
standing the conditions which bring about in the case of a 
jwriodical ruling the coalescence and mutual reinforcement of the 
flanking lines of different antipoint systems. 

Experiment i. View through the diffraction grating held with 
its rulings vertical, two vertical lines positioned 9-6 mm. apart, on a isheet 
of paper. Dispose the figure at a distance of 250 mm. from the eye. 



DIFFRACTION IN APERTURE OP LENS 



121 



Two separate antipoint figures, coneisting in eacli case of three lines 
separated by ft periodic interval of 2-4 mm., will come into view. 

Now set back the sheet of paper until it i* 600 mra, from the eye. 
The two inner flanking lines, which have been gradually approaching 
each other as the paper was being carried away from the eye, will now 
overlie each other and will by their coalescence form a line comparable 
in distinctness to the principal line. 

Set back now the sheet of paper to one metre from the eye. The 
inner flanking of each antipoint will now l>e superposed upon, ajid will 
merge with, the principal line of the companion antipoint, giving a 
composite antipoint system consiBting of only four lines. 

EJucidaiion. When the object is set back from the eye, the scale of the 
dioptric image on the retina is progressively reduced, wlule in each case 
the dimeni^ione. of the antipoint ore maintained. 

Tlie progressive reduction in the scale of the image is in conformity with 
the fact that the length of the opening limb of tlie vista (distance of object 
from the pupil) is here first doubled and tlien riuadrupled, while the closing 
limb of the virfta (distance from diffraction grating to retina) remains con- 
stant. The size of the antipoint — liere the elongation of the flanking hnea 
in each case from their principal lines — remains constant, in accordance 
with the fact that the nunjeric-al aperture of the closing limb of the vista, 
i periodical interval of the diffraction grating, . ^ , 

Length of cloeijig limb of viijta 

Experiment 2. Maintaining the object lines at a distance of 
one metre from the eye, rotate the grating until it forms an angle of 60° 
with the vertical. The periodical interval of t!ie ruling will now be halved. 

Elucidation. The alteration in the retinal image which is effected by 
the rotatioii of the grating is due to n reduction in the elongation of the 
flanking lines, not to any alteration in the 8e{>aration of the principal lines 
in the retinal image. The fact that the elongation of the flanking images 
is diminished by half stands, in lelation to the fact that the rotation of the 
grating through an angle of 60° exactly doubles 
the horizontal centre-to- centre distance between 
the apertures of the grating. 

Experiment 3. Placing before you Fig. 
49, which again represents the central ruling 
of the Abbe diffraction plate, view it from a 
distance of about 400 ram, through the diffrac- 
tion grating dieposed with its ruhngs vertical. 
After a little adjustment of the tUstance, the 
nilinga both in the upper and lower half 
jf the field will be seen uncomplicated by 
ipectral Hnea, but supplemented on either eide 
of the figure by an additional ruling in the 
tipper half of the field and an additional pair 
of rulinga in the lower half of the field. 
Rotate the grating through an angle of GO^ 
so aa to double the centre-to-centre distance 
Ixjtween its apertures. The short lines of the pig. 4^, 
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fine ruling are now prolonged into the upper half of the field m such 
manner as to bisect the bright interspaces between the more widely in- 
terspaced rulings, as shown in Fig. 50. On each side of the figure there 
will be now, both in the upper and lower halves of the field, a single addi- 
tionai ruhng. 

Elucidation. The explanation of the fact that the picture is m the firet 
position of tlie figure and grating, seen uncomplicated by intercostal line«, 
ia to be attributed to the fact that, owing to the oircumatance that the 
elongation of the flanking lines here corresponds witli the periodical interval 
of the coarser ruling, as depicted in the retinal image, the flaiJdng Une» 
of the more widely interspaced rulings are in each case superposed upon 
the principal lines next in series on either side ; while they are in the cuae 
of the fine rulings superposed upon the principal lines next but one in 
seriea on either side. 

When the grating is rotated through an angle of 60", the figure remaining 
at 500 mm. from the eye. the elongation of the flanking lines in the retinal 
image corresponds in each caae to the periodical interval of the fine ruling. 
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tt follows from this that the flanking lines of tlie flne ruling fall in each cckso 
upon the principal lines next in series, while the flanking lines of the coarse 
grating in each case coalesce in such a maimer as to form an intercostal 
line continuous with the short line of the finer ruling. 

Experiment 4. Placing before you again Fig. 49, view it from a. 
distance of about 200 mm. ttirough the diffraction grating disposed with 
its riilJng.s vertical. Note that the image obtained now corresponds to 
that shown in Fig. 50, except only in the respect that the lines here end 
all upon one level instead of slanting off as they do in that figure. 

Again rotate the grating through an angle of 00''. The rulings are now. 
as shown in Fig. 51, doubled in the lower half, and triplicated in 
the upper half of the field. 

Elucidation. Tlie explanation of the fact that the image obtained with 
the figure diapoaed at 250 mm. from tlie eye, and the grating held with ita 
rulings vertical, corresponds (except in the points of detail mentioned oJxiveJ 
vr\th the image obtained (in Exptrmtent 3) with the figure disposed at a 
distance of oOO mm. from the eye, and the grating rotated through an angle 
of 60", is to be found in the fact that here we have in conjunction with the 
image which correai>onds to an object placed at the near point of vision th& 
antipoint which corresponds to a diffraction grating of 16 lines to the milli- 
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metre : whereaa in Experiment 3, we have in connexion with a two-fold 
reduced image the twcfold reduced antipoint which correeipcinds to a grating 
of 8 lines to the millinietre. 

Experiment 5. Place the central ruling of the Abbe diffraction 
plate on the stage of the microBcope under a 16-mm. objective. Arrange 
it so that the lines are disposed in the antero-posterior meridian and that 
the fine rulings shall occupy the lower, the coarser ruling the upper 
half of the field. 

Now introduce behind the objective — employing for this purpose the 
diaphragtn carrier of the Zeiss diffraction apparatus^the diaphragm 
with three slit openings ^ (Fig. 45, e.) which is provided with the Abbe 
apparatus. 

In the upper half of the field each line will now be imaged, as in 
Fig. 51, by three lines. 

In the lower half of the field, i,e. in the half of the field occupied 
by the fine lines, the ruling wiU be doubled. 

Elucidation. We are here employing a diffraction grating with a centre- 
to-centr© distance of 1-6 mm. 

Tlie figure obtained in the upper half of the field is, of course, made up 
of a serJea of principal lines, furnished on either side with flanking linefi. 

The figure in the lower half of the field is the result of the au|.>eriK>sition 
of the fiajikiiig lines of adjacent antipoints. It will be seen that the inter- 
costal rulings of the lower ruling are in line with the flanking lines of the 
upper system of ruling. Tlie appearances are in confonuity with the data 
given below. 

(a) Separation of the fine lines iii the ruling u[)on the stage of the 
mioroBcope —0-0073 mm. 

Separation of the fine lines in the 12-foid^ magnified image ^ 0-088. 

(6) Elongation of the flanking lines, by the formula -— , where the centre- 

n.a. 

to-centre distance between the apertures in the grating ia 1-6 mm., and the 

. ,„„ 0-0003 0-0003 

aperture-miage distance la 120 nun. = - == 0-045 mm. 

"^ 0-8 -i- 120 0-0066 



^ The fact that the diajihragin with tlu'ee sUt openings which is here in 
question functions aa a diffraction grating wbb pointed out by Mr. Gordon 
(Proc. Royal Microscopical tSoc, 1901). 

* Tliis figure is approximate only. 
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Appendix T. 

ON ABBE'S THEORY OF MICROSCOPIC VISION AND THE EFFECT 
OF DIFFRACTION OCCURRING IN THE OBJECT PLANE AND 
OPENING LIMB OF THE VISTA. 



The diffraction which occurs in the aperttire of the lens and 
closing limb of the yiata has been treated of in the preceding 
chapter, We have seen that it constitutes an obstacle to resolution. 

In the theory of microscopic vision, which is associated with 
Professor Abbe's name, diflFracted Ught plays a very different role 
— ^the role of an adjuvant to resolution. 

In the earlier fomi of Abbe's theory all detail in the microscopic 
image was declared to be revealed by diffracted, as distinguished 
from dioptric, light. In the later version of the theory — and tliis 
is the only version of the theory we have here to consider — it ia 
contended that the object "aa it really is," is revealed only when a 
'■full complement" ^ of diffracted rays is gathered in to the image. 

This contention, which is equivalent to a contention that spurious 
resolution can be avoided and point-for-point representation can 
be approximated to only in the ca-ee where diffracted light con- 
tributes to the image, appears at first sight to be in flagrant and 
hopeless conflict with the facts of which we have taken cogni- 
zance in the preceding chapter. This is, however, not 80. 
Careful examination proves that there is here confusion — not 
contradiction. 

In reality, Professor Abbe's contention has in view not the 
diffracted light which comes off from the aperture and closing limb 
of the objective vista, but the diffracted light which comes off from 
the stage of the microscope and the opening limb of the objective 
vista. 

The fact that two entirely distinct systems of diffracted raya 
are here in question, may be brought clearly before the eye by 
the aid of Fig. 52. 

We have brought to focus here, by the condenser upon the 

^ For t!ie signification which is attached by Abbe to this terra, vide 
infra Footnote to Experimcni 1. 
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microscope stage, a very narrow beam. We may speak of thk as 
the dioptric beam. It takes, as will be seen, a new departure from 
the focal point on the stage, and passes on to enter the objective. 

Radiating out on everj' side from the focus of this dioptric beam, 
we have a system of diffracted rays. These diflfracted rays, which 
are indicated in the diagram by 
broken Unes, are those which 
Professor Abbe has in view when 
he declares that diffracted rays are 
essential to satisfactory resolution. 
They are shown in the diagram as 
passing into the aperture of the 
lens, forming, as it were, a casing 
round the beam we have spoken 
of as the dioptric beam. From 
the aperture of the lens a second 
and quite independent system of 
rays is seen to take origin. These 
are those which — furnishing as they 
do the antipoint considered in the 
preceding chapter — constitute as 
shown an impediment to resolu- 
tion. 

The study of the above diagram 
may be usefully supplemented by 
an experiment which brings the 
diffracted light, which Professor 
Abbe has in view, directly to the 
reader's cognizance. 

Experiment i. Place upon the stage of the microscope either an 
isolated bright ruling inscribed upon a black background, or preferably — 
for this will yield a better diffraction pattern — a series of fine rulings. 
Such a system of rulings is furnished by the ruling.* of an oi-dinarj' stage 
micrometer, or by rulings inscribed on the central disc of the Abbe 
diffraction plate. For the purposes of the present exi>erinient we will 
assume that of the Abbe diffraction plate in employed, and that its 
rulings are arranged in the antero -posterior meridian. This done, focua 
the condenser upon the microscope stage, as explained in Cap. XJII, 
subsect. 5, and stop down the aperture of the substage to very 
narrow dimensions either by means of the iris diaphragm, or by 
means of the small circular or linear diaphragm supplied with the Abb© 
diffraction apparatus — remembering in the case where the linear diaphragm 
is employed to dispose this parallel to the rulings of the diffraction plate. 
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Now focuB down upon tlie fine lines of the central ruling with a 
one-inch objective. This done, take a pocket lens before the eje, and, 
bending down over tlie microscope, examine by its aid the apertuKil piano 
of the eye lens. There will be imaged here, in accordance with the 
principle explained in Cap. VII, subsect. 37, the apertural plane of 
the objective vista, and in this the apertural plane of the condenser vista. 

This last, into which there has been ioserted, as described above, a 
circular or Htiear diaphragm, will come into view as a luminous disc or 
line flanked on, either aide by a number of spectral * hnes or discs. These , 
discs will, when they are large, overlap as in Plat« VIIIj Fig. 3. When 
they are amaU they may be spaced, out as indicated in the inset in 
Fig. 53. 

Keeping the hack of the objective under observation, remove now 
the ruling from the stage of the microftcope. 

The flanking images will disappear while the principal or dioptrio 
image of the stop wiU remain filling out only a small area of the aperture 
of the objective. 

Elucidation. Two different images come into consideration in this 
experiment : first, the image (B'A', Fig. 53) of the Abbe diffraction plate, 
which ia seen on looking down the microscope in the ordinary way ; 
secondly, the image (D'C, D'C", D*C*, Fig. 53 and inset) of the sub- 
Htage diaphragm, which is seen on viewing the Ramsden disc of the 
eye-lens tlirough a magnifying lens. 

The rulings on the stage of the microscope stand in an entirely 
different relation to the two images and the two catenae of vistas 
which come into consideration. 

In relation to the principal cat<!na and tlie image seen on looking 
down the microscope in the ordinary way, the rulings count as elements 
in the plane of origin of the catena and as constituent elements of the 
object picture. 

In relation to the catena of the Ramsden discs and the image seen 
on viewing the Ramsden disc of the eye lens through a magnifying lens, 
the rulings count only as a diffraction grating positioned in the apertural 
plane of the vista, which has its plane of origin in the substage diaphragm 
and its terminal plane in the apjerture of the objective. 

In correspondence with the above, the diffracted rays which take 
origin in the apertures of the grating fulfil in connejdon with the two 
images which come into consideration in each case a different role. 

In connexion with the image of the object on the stage, the diffracted 
rays come into consideration as rays, which reinforcing and adding 
breadth to the dioptric beam, come into focus in conjunction with it. 

In relation to the image of the substage aperture the diffracted rays 
play a much more conspicuous role. They dissociate themselve,s from the 
dioptric beam and come to focus in the terminal plane of the condenser 



* Wlien three of theae Bpeotral images are developed on each side of the 
principnl image, the dioptric beam is. In accordance with the Abbe theory, 
to be regarded em fumislied with a full complement of diffracted rays. 
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vista in such a manner as to furnlah on either side of the principal imago 
•of the aubstage aperture one or more spectral images. 

The manner in which the diffracted light which cornea off from the 
grating on the stage is built up into the spectral images of tlie diaphragm 
which are developed at the back of the objective is made clear in 
the diagram. 

We have now cleared the ground, 
and are in a position to consider the 
dictum that adequate and non-falla- 
cioue resolution can be obtained only 
in the case where rays diffracted at 
a considerable angle from the optical 
axis contribute to the image. 

This dictum will, as consideration 
•mil show, be rebutted if it can be 
sbown : — 

(a) that satisfactoiy resolution 
can be obtained from a lena, quite 
apart from the supplementation of 
the dioptric beam, by diffract«d light 
taking origin upon the stage of the 
microscope. 

(&) that an unresolved image may 
be obtained, even when the dioptric 
beam from the stage has been supple- 
mented in the amplest manner by 
diffracted Ught, 

These propositions are established by the following experiments ; 

Experiment 2. Make the same dispositions as in Experiment 1, 
omitting only the diaphragm which wa'ji there employed in the substage. 

Ha™ig satisfied yourself that a satisfactorily resolved image of the 
object upon the stage is obtained, bring into view with a pocket lens the 
back of the objective, and note that the spectral images of the stop no 
longer appear. Further note that the aperture of the objective is now 
fully filled in with the dioptric beam. 

Verify the fact that the diffracted rays here fall entirely out of account 
by taking cognizance of the fact that when the diffraction grating is nath- 
drawn from the stage no change is seen in the image of the substage 
in the apertural plane of the objective. 

Experiment 3, Set up the microscope in direct smilight, making 
in every other resi^ct the same dispositions as in Experiment 1. 

Look down the microscope and take note of the fact tliat tlie fine 
lines of the ruling are now unresolved. 
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Now bring into view as before the image of the substage diaphragm 
which is formed in the Raraaden disc of the eye lena, and take cog- 
nizance of the fact that we have here, as in Experiment I, in addition to 
the principal image, a whole series of spectral images of the Bubstage atop. 

Elucidation. The formation of tlie spectral images of the atop shows 
that the dioptric beams which enter the lena are here fumiahed forth with 
a full complement of diffracted rays. 

The circumstance that the image of the grating w here unreisolved in 
epite of the amplification of the diopttic beam by diffracted raya is duo 
to the circumstance that the antipoint of tlie image is here tlio 
larger antipoint which corresponds to the pre-eminently brilliant dioptric 
beam and not the smaller antipoint which would correspond to this 
beam aniplitied by the diffracted light from the stage of the microscope. 

Conclusions with respect to the theory of Abbe, and with regard to 
the true import of the experiments by which that theory was supported. 

It has been ahowii in the above that the dictum of Ablie that 
satisfactory and trustworthy resolution cannot be obtained apart 
from the participation of diffracted light in the formation of 
the image, is in conflict with the facts. 

It remains only to consider the experimental procedure followed 
by Abbe and the import of the data which those procedures 
furnished. 

The experimental procedure by which Abbe obtained the data 
which he has adduced in support of his theory was as follows : — 

He narrowed down, as in Experimenl 1 (and Fig. 52), supra, 
the aperture of his condenser in euch a manner as to transmit to 
the microscope stage only a narrow beam. He then supplemented 
the narrow dioptric beam thus achieved by disposing his diffrae- 
tion plate upon the stage of the microscope. 

Having obtained in this manner a beam composed of a core of 
dioptric light, enveloped in a casing of diffracted light, he investi- 
gated the effect of Bhutting off^ by means of a retro-objective stop, 
the outlying portion of the beam which filled out his objective. 
The deterioration and improvement of the image which were 
observed to follow the shutting off or admission of the j)eripheral 
portion of the beam were then attributed to the shutting out and 
admission of the diffracted component of the beam, 

It was left to Mr. Gordon ^ to draw attention to the fact that 
absolutely identical effects are, as we have seen in connexion with 
Experiment la, snhsect. 11, supra, obtained by the shutting off and 

Gordon, Jour pal of the Boyttl Micrwicopical Society, 1902. 



DIFFRACTION— APPENDIX II. 



129 



transmission of the peripheral portion of the beam, in the case 
where this last consists exclusively of dioptric light. 

It follows that the eflfects which were by Abbe attributed to 
elimination or, as the case may be, to the supplementation of the 
N.A, of the dioptric beam by diffracted light are in reality imputable 
to alterations in the dimensions of the ant ipoint standing in relation 
with the narrowing or widening of the n.a. of the objective vista. 
In other words, the changes in the image which are produced by 
the insertion of a retro-objective stop stand in relation to diffraction 
phenomena occurring in the aperture and closing limb of the objec- 
tive vista ; and not in relation to diiffraction phenomena occurring 
in the plane of origin and opening limb of that vista. 



Appendix II. 

ON THE DEVELOPMENT OF THE MEDIAN INTERCOSTAL LINE 
CONSIDERED AS A FIDUCIARY PHENOMENON UPON WHICH 
ACCURATE ADJUSTMENT MAY BE MADE IN MAKING OP- 
TICAL MEASUREMENTS. 

( 1 ) A narrow and sharply defined median intercostal line is, as 
has been sho^vn above {s^ubseci. 18), developed in a ruling when it is 
viewed through a diffraction grating, which furnishes an antipoint in 
which the elongation of the flanking Hnes from their principal lines 
corresponds to exactly half the interval between those principal lines. 

(2) The median intercostal line here obtained will be resolved 
into its elements : (a) in the case where the scale of the dioptric 
image, and in correspondence with this the interspacing of the 
principal lines, is changed while the dimensions of the antipoint 
are maintained unaltered ; (6) in the case where the dimensions 
of the antipoint, and in correspondence with this the elongation 
of the flanking lines from their principals, is increased or diminished 
while the scale of the dioptric image remains unaltered. 

(3) A median intercostal line will, in either case, be reconsti- 
tuted on substituting for the system or pair of rulings originally 
under consideration a system or pair of rulings which is so inter* 
spaced as to give, under the conditions which have effected the 
breaking up of the original median intercostal line, an image in 
which the principal lines of the substituted rulings are spaced out to 
double the distance of the flanking lines. 

(4) The quotient obtained by dividing the interval, or, as the 
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case may be, periodical interval of the substituted rulings into the 
interval or periodical interval of the discarded rulings, furnishes an 
exact measure of the alteration effected in the scale of the image, 
or, as the case may be, in the scale of the antipoint. 

Experiment l.' Hold the diffraction grating supplied cJoae up to the 
eye with its rulings vertical, and view through it from a distance of c^irc. 200 mm. 
the sixth pair of hnes in the figure below. Tliese lines, spaced out hh they 
are 4 mm. apart, will give, ae »e«n through the grating, a sharply defined 
median intereoatal line. 



Fio. 54. 

Maintaining the diffraction grating in. position aa before, toke in liai^d 
a pocket lens and bring it in position in such n way e& to give upon the retina 
0. magnified image of the pair of Hnes under consideration. 

It will be seen that the principal lines are carried apart, and that tliey 
carry with tJiem, as tliey move outwards, in each ca«e their flanking lines, 
with the result tliat the median interi^ostal line is resolved into its elements. 

Maintaining the lens at the same working distance, eeareh through the 
figure until a pair of lines is found which gives, as seen through the lens and 
diffraction grating, a sharply defined intercostal line. 

Measure now the linear distance between tlie lines which furnish to tlie 
unaided eye a median intercostal line, and again the linear distance between 
the lines which furnish a similar intercostal to the lens-armed eye. 

Dividing the first of these measurements by the second, tlie magnifying 
power of the Jens, as employed in the experiment, is obtained. 

Experiment z. Hold the diffraction grating before the eye with Its 

rulings forming an angle of 45* ^th the vertical, and search the figure above 
for a pair of lines which gives with the diffraction grating held at this angle 
a median intercostal line. 

Taking now to aid a magnifying lens, spread out the principal lines so 
as to draw apart and leave a gap between the previously aufterijosed flanking 
lines. 

Now rotate the grating in such a manner as to bring its rulings up in the 
direction of the vertical. The diminution of the periodical interval of the 
grating, wliich will thus be effected, wCl increase the elongation of the 
flanking lines in such a manner as to span o\'cr at one stage of the rotation 
the interval between the principal Unes and to reconstitute a median inter- 
costal line. 



Wright, Journai of the Bot/al Mitro«C(ipkai Socktff, 1903, 
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The Bituation is now sucti that, if we know the periodical interval of 
the grating and can measure the angle of rotation, we can from this calcu- 
late the elongation of the flanking line in each case from ita principal line. 
TJie multiplication of this elongation by two will give us the diatanca 
hetwtw^n the principal lines in the image. 

Or. alternatively, if we can measure tlie interval wliich divides the prin- 
cipal lines in the image, we can, by dividing two, arrive at the elongation of 
the flanking linea, and calculate from it the centre-to -centre distance 
between the slit apertures, or, in the case where this is known, the angle 
through which that grating has been rotated. 

Experiment 3» Holding the diffraction grating as in Ex-ptrifnent K 
view through it from a distance of 250 mm. the V on the right of the diagram. 
Nut* that the interior arms of the epectral Va intersect in the fork of the 
dioptric V at the level of the third fiduciary mark wiiere the transverse 
diameter of tiie V corresponds to the interval between the widest part of 
lines. 

Maintaining the diffraction grating in place, now view the V througli a 
pocket lens, placed as before at its full focal length from the figure, anci note 
tli&t owing to the spreading out of the limbs of the \* the point of inter- 
section now falls at a lower point in the fork of tlie V. 

Removing the lens and withdrawing to a greater distance, view the V 
through the diffraction grating, and note that, owing to the diminished 
size of the dioptric image on the retina, the point of intersection of 
tlie iipectral Vs now falk high up in the fork. 



CHAPTER X. 

IMAGE FORMATION IN THE CASE WHERE THE OBJECT 
IS VIEWED BY THE UNAIDED EYE. 

Introductory-^^Infemion- — Scale of the rttimd image^P&ycholwfical factors in^ 
iHilved in the eMimaiion of the scale and di*po»ition of the retinal tmagt'^ 
QucUiti/ of (he ifnage fumisfitd by the eye^Rtaolmng power of the normal 
eye — Factors upon which the quality of the image depends — Numerical 
aperture of the eye — On the effect exerted upon the retinal imoi^ 6y a 
redudion of the numerical aperture of the eye — Significance of the re^dts 
arrived at in the foregoing ej^periments *n relatimt to the qif/eatian of the 
limitatiwi of resolution by the aperture of the objectii^ — QufMion of 
the existence of an absolute physical limit to the resolving power of the 
eye, irrespectively of anch limitations as may be imposed 6y the atructttre 
of the retina — Projection picture of the pupillary aperture. 

1. Introductory. 

AV'hile the photographic camera furnishes a focusaed image, the 
microscope furnishes at the eye lens a system of pencils of parallel 
rays, which are brought to focus by the observer's eye. 

Inasmuch as the eye is in this manner an integral optical element 
in the microscope, we may conveniently Iwgin by a study of its 
optical system. 

In the case of ordinary vision, we have, as the figure below 
makea clear, to deal with a single \*i3ta. This vista has its plane 



THE aSJECT IB HERE ASSVUWD TO BX DISFCWSD AT THE NEAR POrXT OF 

VISION 250 MM. (10 INCKES) IX FRONT OF THE KYE, 
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of origin in the object ; its apertural plane in the pupil ; and 
its terminal plane upon the retina, 
2. Inversion. 

In consequence of the crossing of the beams which takes place 
in the aperture of the pupil, the image is, as shown in Fig. 55, 
laid down upon the retinal screen in the inverted position- 
s' Scale of the retinal image. 

Remembering that the scale of the image can^ in the case of 
every vista, be obtained by dividing the numerical aperture of ita 
opening limb by the numerical aperture of its closing limb, and 
remembering that the image in the case of the eye is formed in 
a medium which possesses the refractive index of water, I -3, 
we can obtain the scale of the retinal image by dividing the 
numerical aperture of the opening limb of the eye vista, which may, 
a» we shall see {subsect. 8 infra), he taken as 0*006, by the numeri- 
cal aperture of the closing limb of the eye vista, which may, b-h we 
shall see, be taken as O'l nearly. The retinal image worked out in 
this manner is a I6J-foId minified image. 

4. Psychological factors Involved in the ^tlmatlon of the scale and 
disposition of the retinal image. 

What has been said fibove with regard to the inversion and 
scale of the retinal image has reference to it considered as an 
objective optical phenomenon. There comes into consideration, 
in connexion with the estimation of the retinal image, also a psycho- 
logical factor. We are accustomed to project the retinal image out- 
wards to its source in the external world, and to treat this virtual 
image as if it were the true vLsual image. 

Proceeding in this manner, we think and speak of the visual 
image as erect, when in point of fact the retinal image is inverted. 
In like manner, we speak of the visual image aa inverted when 
the retinal image is erect. 

Following out the same system, we think and speak of the 
visual image as equivalent in size to the object, when in point of 
fact the retinal image is reduced 16^ or more times ; according as 
the object is situated at the near point of vision, or, as the case 
may be, at a greater distance from the eye. 

Finally, we think and speak of the visual image as magnified, 
or minified, according as the object under examination is repre- 
sented upon the retina on a Jarger or smaller scale than that 
specified above. 
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5. Quality of the image [urnished by the eye. 
In connexion with the quality o£ the image furnished by the 

eye, or any other optical instrument, we have to consider in each 
case tlie question as to whether the image is satisfactory from the 
point of view of resolution in plan, resolution in depth, and freedom 
from obfiiscaiion — meaning here and elsewhere by obfit^calion the 
clouding of the retinal field by shadows projected upon it by in- 
truding obstacles, 

6. fiesolving power of the normal eye. 

Premising that we may, in dealing here with resolving power, 
conveniently confine our attention to the power of resolution in 
plan ; and premising, further, that resolution in plan may be con- 
veniently measured in terms of the number of lines in the unit of 
measure which can be separately discriminated ; the following will 
be found to hold good with respect to the resolving power of the 
normal eye. Under the most favourable circumstances of illumi- 
nation, Unes ruled 8 to the millimetre {200 to the inch) and dis- 
posed at the near point of vision (250 mm., or 10 inches) can be 
jglimpsed as separate. Lines ruled 4 to the millimetre, disposed at 
250 ram. ; and lines ruled I to the millimetre disponed at I metre 
from the eye, can be discriminated with sufficient certainty to be 
separately identified. 

Experiment i. Take in hand the diffraction 
grating, ruled with 400 lines to the inch, supplied in the 
pocket of the cover of this book. Note that it cannot 
be resolved by the unaided eye. 

Experiment a. Turning to Fig, 56 where the Unes 
arc ruled in the upper part of the field 2 mm. apart, 
and in the lower half of the field 1 mm. apart, set up the 
book first at a distance of 1 metre, and afterwards at a 
Fio z^. • distance of 2 metres from the eye. 

Note that in the first case the lower rulings, and in the second oase 
the upper rulingts, can just be reoolved with sutHuIeut clearness to allow of 
separate identification. 

7. Factors upon which thd quality of the image depends. 

The quality of the retinal image will dejjend upon two factors : — 

(a) Upon the '* optical quahty " of the particular eye — meaning 

here by "optical quality" the figuring of the refracting surfaces, 

the adjustment of the depth of the eye to the focal length of 

the system, and the transparency of the ocular media. 



IMAGE F0RJL4TI0N IN UNAIDED EYE 



135 



(&) Upon the numerical aperture of the eye. 

As compared with the N.A, of the eye, the factors enumerated 
under (a) exercise an altogether preponderating importance in 
connexion with the quality of the retinal image. In conformity 
with this, the various "errors of refraction" are very fully con- 
sidered in the ordinary text-books of ophthalmology, while the 
question of the N.A, of the eye is hardly adverted to. 

Our policy here must be a different one. We may con- 
veniently leave out of consideration, as a subject-matter not 
directly related to the microscope, the effect that will be exerted 
on the retinal image by defects in the optical quality of the eye, 
and may, for a reason which will presently appear, consider the 
effect on the retinal image of the alteration of the numerical 
aperture of the eye. 

8. Numerical aperture of the eye. 

Wliere we are dealing (a) with the unrestricted normal pupil, 

i.e. with a pupil having a semi-diameter of 1*5 mm., (6) with a l:)eam 

which completely fills it, and (c) with an emmetropic eye adjusted 

for the near point of vision (which is positioned at 250 mm. or 

10 inches from the eye) the numerical aperture of the opening angle 

1'5 

(N.A.) corresponds to =0006. 

* 250 

The numerical aperture of the closing angle (n.a.) may be 
calculated either for the beam conceived as projected upon a receiv- 
ing screen set up 250 mm. in front of the eye ; or^ — but this is less 
convenient, inasmuch as it involves taking into consideration the 
refractive index of the vitreous humour in which the image is formed 
— for the beam which actually comes to focus upon the retina. 

Calculated upon the former basis, the numerical aperture of the 
clo-sing limb (n.a.) would work out as 0006, i.e. as exactly the 
same as the numerical aperture of the opening limb (N.A.). 

Calculated upon the second basis, the numerical aperture of the 

closing limb (n.a.) would (taking the diameter of the normal pupil 

as 3 mm. and the depth of the normal eye as 20 mm.) work out as 

15 X 1 3 . , , 
— ==0 1 nearly. 

d. On the effect exerted upon the retinal Image fay a reduction of the 
numerical aperture of the eye. 

It will be clear, on calling to mind the principles which have 
been set forth in the foregoing chapters, that any reduction in the 
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numerical apertm-e of the eye will impair the retmal image. As 
the aperture of the pupil is closed down, the image will suffer in 
the following respects : — 

(1) Its luminosity will be progressively reduced until all 
distinction between light and ghade is lost. 

{'2) Reaohition in depth in monocular vision, depending as 
it does upon disenmination of the focussed from the un,- 
focussed image, will be progressively impaired, 

(3) Tlie shadow of any obstacle intervening between the 
object and the eye will be carried back on to the retina in 
such a manner as to cut out from the image any element 
in the picture which lies wholly beliind the obstacle. 

(4) The retinal field will be more and more clouded by the 
shadows derived from extra- and intra-ocular obstacles, until 
it becomes, by reason of the obfuscation, impossible to me 
anything clearly. 

(5) The autipoint will grow larger and larger, and such 
antipoint will, to the extent to which it is conspicuous, inter- 
fere with resolution in plan. 

The following experimeDts will serve to bring these several 
effects clearly before the reader : — 

Experiment I. Make ia a, card a series of graduated pin-holes. 
Superposing upon eftch of these openings in turn the diffraction grating 
(ruled 400 lines to tlie inch, 16 to the mm.) provided in the pocket of 
the cover, re^d off with a pocket lens the numl>er of diviisions covered. 
This will give the measure of the several openings. 

View now through the series of openings a printiHi page placed at 
A convenient reading distance in bright light. 

Note aa you pass from the larger to the smaller ojienings the pro- 
gressive diminution in the luminosity of the image. 

Experiment 2. Taking a cardboard box such as might serve 
for sending & bottle through the post, break out its top and bottom, 
and carry a threads! needle across its lumen in such a way as to form 
at some distance below the top of the box a grating of threads all running 
side by side in one direction, and at a lower level in the box another 
grating of t}u*eadB all running at right angles to the first set. 

Now hold the box up to the light and view the threads — using only 
one eye — ^first with the unrestricted pupil and then through one of the 
narrow pin-point opening. 

In the first case it will be practicable by focussing in turn ui»on each 
Bysteni of tli reads and by attending to the difference in the sharpness of 
the focussed and unfocussed threads to discriminate nearer from farther. 

In the second case it will be impossible to distinguish between the 
focussed and the unfocussed threads, and these, though situated on 
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different focal planes, will all coalesce in the image to form a grille of 
intersecting threads. 

Experiment 3. Take a box fitted up exactly as in Experitneut 
2, except only in the respect that the threads at the two different levels 
sltall all run in tlje same direction. View these threads through a slit 
aperture such as would be faruished by parallel rulers brought tog^^ther s;> 
as to furnish a narrow chink. 

It will now, in the case where the slit aperture is disposed at right 
angles to the direction of the threads, as in the cme where the pupil is 
unobstructed, be posnible to discriminate nearer from farther. This 
distinction will be lost in tlie caae where the silt aperture ia disposed 
parallel to the threads. 

Experiment 4. Take before the eye one of the smaller per- 
forations in the card and %'iew through it a printed page placed at con- 
venient reading distance in bright light. 

Now dispose a needle in the neighbourhood of 
the pin-point aperture in such a manner as to 
intervene between the print and the retina, 

A dark w^edge of shadow will now be carried 
backwards from the needle on to the retinal image. 
This band of shadow will, as in Fig. 57, cut out 
from the imaged text one or more of the letters. 

Retaining everything else in place, take a 
larger aperture before the ©ye and finally remove F13. 57. 

altogether the restricting aperture, the sliadow 

will in the former case become fainter, and will in the latter case quite 
vanish from tlie retinal image, and the deleted letter or letters will be 
reinfitated in the text. 

Experiment 5. Replace the pin-hole apertuj-e employed in the 
last experiment by a slit aperture furnished by parallel rulers brought 
together so as to form a very narrow chink. 

When the narrow diameter of this slit opening coincides with the 
long diameter of the needle, the view w'xil be obstructed exactly as in the 
case where the pin-hole opening is employed. 

When the Jong diameter of the slit is disposed at right angles to 
the needle, this k.«st will no longer cut out any of the letters. 

Experiment 6. Look through the series of progressively smaller 
openings at the sky or any other blank, brightly illuminated, sur- 
face. Note that when the aperture of the pupil ia cut down below 05 mm. 
the retinal screen becomes blotched with shadows ; and moving specks ' — 
so called muscae vditanUs — now course from time to time over the field. 

Again, when the eyelids are half closed in such a manner as to bring 
the eyelashes across the pupil, note that these lashes cast dark ehadows, 
blotting out from the picture elements wliich would, if the aperture 



1 These are seen also independently of any artificia! restriction of the 
pupil when on gazing at the brightly illiiniinftted sky the pupils contract 
Bpontaneoiisly in response to the stimulus of bright light- 
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of the pupil had been unreatrictedj in spite of intervening eyelashes^ 
have been duly imaged by the agency of circumventing rays. 

Experiment 7, Substitute for the perforated card employed 
in Experimtni 6 a narrow slit-opening obtained by the aid of parallel 
nilere. Note that when the long axis of the slit is disposed parallel to 
the long axis of the eye-lashes these are brought into view. When by 
the disposal of the slit in the horizontal direction the pupil 13 left un- 
restricted along that meridian the eye-lashes are as inconspicuous as in 
the case of ordinary vision. 

Experiment 8. Dispose a system of lines iii bright light in front 
of the eye at such a distance as to give an image which can just be 
satisfactorily resolved. The finer rulings in the lower half Fig. 55 
will coraply with these conditions if they are set up hi good illumiiiation 
at a distance of 1 metre from the eye. 

Taking now before the eye the perforated card, view the lines 
through the different pin-hole openings, beginning with the larger and 
going on to the smaller. 

Note that when the aperture of the pupil is reduced to 0*75 mm, 
the lines begin to be sensibly thickened. When the aperture of 
the pupil has been reduced to 0-5 mm. the progressive thickening of 
the lines — which can be conveniently followed in the upper half of 
the field^has advanced to the point at which resolution of the 
finer rulings is definitely lost. 

10. SignlQcance of the results arrived at in the foregoing experiments. 
In relation to the question of the limitation of resolution by the aperture 
of the objective. 

The significance of the results arrived at in the foregoing ex- 
periments, in relation to the question of the resolution of the micro- 
scopic image, is not immediately apparent, inasmuch as the 
aperture of the pupil is not, in the case where we view objects 
through the microacope, artificially restricted by taking a pin-hole 
before the eye. 

Reflection on the facts set forth in Cap. Vll, enbaed, 41, 
will, however, reveal a connexion. 

It will become clear that the microscope is a piece of apparatus 
which cuts down the aperture of the beam to the extent to wliich 
it magnifies the image. As a resiUt, the beam which enters the 
eye is, in the case where the high powers of the microscope are 
employed, cut doiftTi in much the same way as when a small pin- 
hole opening is disposed in front of the eye. 

We sliall, therefore, do well to note the teachings of the above 
experiments, with a view to applying them afterwards to the case 
where the aperture of the pupil i.s cut down by the employment 
of the high powers of the microscope. 
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The teaching of the foregoing experimenta msLV be summarized 
as follows. Given the case of an object viewed from a distance 
of 250 mm. — 

(1) The N.A. of the eye can be cut down from -006 to 0-002 
without producing any serious deterioration of the image. 

(2) When the numerical aperture is cut down to 0-00 15, the 
dimensions of the conspicuous antipoint will — given sufficiently 
briUiant illumination — be sensibly increased. There will as 
yet be little trouble from obfuseatioflj and little loss of resolu- 
tion in depth 

(3) WTien the numerical aperture of the eye is cut down to 
0001. 

(a) Resolution in depth is seriously interfered with, and 
(6) Obfuscation becomes so pronounced that it becomes 
difficult to discern clearly any feature in the picture. 
I (c) The dimensions of the conspicuous antipoint may be 

auch as to abohsh resolution. 

11. Question of the existence of an absolute physical limit to 
the resolving power of the «ye, irrespectivety o[ such limitation:^ as may 
be imposed by the structure of the retina. 

We shall see in Cap. XVI that Helmholtz took up the position 
that, in any optical instrument, the dimensions of the antipoint 
must impose a final limit upon resolution — that limit being 
reached at or before the point at wliich adjoining false discs 
reciprocally overlap to such an extent as to bring in each case 
the edge of one false disc into the centre of the next. 

We shall see {Cap. XVI, aubaect. 2) that the limit of resolution 
would on this principle be furnished by the formula : — 

Limit of resolution = „-r- 

N.A. 

It is accordingly of interest to ascertain where the formula of 
Helmholtz would place the final limit of resolution in the case of 
the Teatrieted pupillary apertures which were in question above. 

We may conveniently consider the concrete case of a system of lines 
set up at KXW mm. from the eye, and of a pupil restricted to 0-75 and 0-5 
mm. respectively so as to cut down the numerical aperture of the 
opening limb of the eye iiista, in the first instance to 0-OLI04 circ, and 
in the second instance to 0-00025. 

Taking here as elsewhere X=00OC»6 mm., the limit of resolution 
would by the above formula in the two cases work out as follows : — 
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Limit of resolution for the unaided eye in tile case wh^r« the N,A, 
of the beam entering the eye is Of 1004 ia 000036 -^ 000>4 = 0-9 mm. 

Lijiiit of resolution for the unaided eye in the case where the N.A. of 
the beam entering the eye is 0'00025 is 0-6oO38 -^ W)25 — 1-4 mm. circ. 

It will be rei'opiiz'/xl that there i^ striking a^^tfemrnt lietween the results 
furnished by the formula of Helmlioltz, and the fact that in Experiment 
S, tiibaect. 9 mtpra, lines placed 1 mm. apart potild no longer be resolved when 
tlie pupillary ajx-rture whs reduced to Ovi mm, 

12. Projestion picture of the pupillary aperture and entoptic picture. 

Neither the margin of the iris, nor the eyelashes, nor the tear.^ 
on the front of the pupil, nor the opacities in the cornea lens and 
vitreous come into view on the retinal image in ordinary vision. 

The fact that these do not throw shadows is accounted for, in 
the case of the extra- and intra-ocular opacities, by the large n.a. of 
the beums which are brought to focus on the retinaj and in the case 
of the iris, by fact that light floods into the eye from all directions. 

Wlien these conditions no longer obtain, and when light streams 
into the eye from a single point, or small area of surface, in the form 
of a homocentric beam, i.e, an expanding cone of unfocussed light, 
the pupillary aperture is projected upon the retina in the form 
of a bright disc. Around this lies the shadow of the iris ; while 
upon the bright disc are silhouetted, as shown in Plate X, Fig. 
4, tears, and corneal, lenticular and vitreous opacities ; further, 
in the case where the eyelids are half shut, eyelashes ; and lastly, in 
the case where the eyelids have just cleansed the front of the eye, 
a ridge of tears and debris swept up from the surface of the cornea 
(Plate X, Fig. 3). 

Experiment i. Having taken up a position in front of a bright 
light, bring a small pin-hole aperture in a card up close to one eye and 
cover up the other eye. The bright disc which is now in view corresponds 
to an unfocussed image of the pin-hole aperture. Having taken cogni- 
zance of the dimensions of the luminous disc, uncover the masked eye, 

Ae the light now falls into the pupil of this eye the pupil of the observing 
eye will contract under the influence of a sympathetic reflex movement. 

As it does so the dis?^ image on the retina will become smaller. 

When the eye is again masked the luminous disc wiU again esrpand. 

The figure which illustrates ExpcHnitnt 2 will make it clear that the 
effects which are observed are due to the cutting down and expansion of 
the cone of light as the pupil contracts and enlarges. 

Experiment 2. Make two, or better three, pin-hole apertures in a 
card, disposing these about 1-5 mm. apart so aa to fall when brought up 
cloee to the eye within the limits of the pupillarj' aperture. 
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Experiment 3. Take in hand a pocket lens, or better a microscopic 
objective, or, better still, a glass spherule such as those employed iii 
Cap. II in connexion with the study of the object picture. Hold it 
up in such a way as to form a minified image of a lamp disposed in front 
of any dark background, e.g. the dark background of a window at night. 
Now bring the eye close up to this aerial image, 

A bright disc similar to that seen in the previous experiments will 
now be in view. The bright disc in question ia, as before, the projection 
of the pupillary aperture. The shadows upon the disc are the magnified 
shadows of tears and opacities in the cornea and vitreous. Note that 
tliese are enveloped in diffraction rings. 

Proceed now as in Experiments 1 and 2. The disc will, as before, 
contract and enlarge as the movements of the pupil cut down and open 
up the cone of light which radiates into the pupil from the luminous 
surface which corresi>onds to the minified image of the light source. 

Now half close the eyelids and watch the shadows of the eyelashes 
coming into view, each eyelash being represented in the image on a 
magnified scale with a diffraction band' on each edge (Plate X, Fig. 5). 
Bring now the eyelids together for an instant as you are observing the 
disc. As you open them again, the shadow of a ridge of tears and debris 
which has been swept up by the movements of the eyelids will come 
into view.' 



* These difTraction phenomena, like those referred to obove, are more i>ar- 
ticulfirly conspicuous wlien the radiant point ia carried away to some little 
distance trom the eye. 

* All tlie phenomena whicJi liave been described in tliis experiment are con- 
tinually obtruding themKclvea oti the obaervation of those who wear s|>ectaclea 
when light is projected into the eye from the rini of the spectacle-frame. 
They force themselves also upon the attention in a very striking manner 
when, on a rainy night in the open, rain drops collect on the Bpectaeles and 
(ociis the street lamps close up to the aperture of the pupil in such a 
manner fia to send a homocentric beam into the eye. 

The reader who is interested iii the history of tlie studj* of entoptio 
vision and in (he practical applications of the method may with advantage 
consult the very interesting pajjers of Prof. W. F, Barrett, F.R.S., in the 
Scientific Proceedings of the Royal Dublin Society, Vol. XI (N.S.)., Noe. 7 
and 8, March and May, IdOS. 



CHAPTER XL 

IMAGE FORMATION IN THE CASE WHERE AN OBJECT 
IS VIEWED THROUGH A SIMPLE MICROSCOPE. 

Introductory — /ntieraioji — I>i^osition of the reinforcing Itns in the, vista — 
Magnifiaition — Methods of 77ieaguTing the scale of the image obtained in 
the ame where a convex fc tm w used as « doublet with the optical system of 
the eye — Deseription of the eikononuter and proetdure for measuring the 
magnifying power of a mmple microdcope by its aid — Quality of (he image^ 
— Effect of artificially shutting df»cn the numerical aperture of tin simple 
microscope — Delimitation of the field of the image. 

i. Introductory. 

In the optical arrangement known as that of the simple micro- 
scope we have, as in the case of unaided visioHj a single vista. In 
this vista we have a convex lens or combination of lenses working 
as a doublet with the optical system of the eye. 

2. Inversion. 

In accordance with the fact that we are dealing, in the case of 
the simple microscope, with a single vista, the image which is formed 
upon the retinal screen is inverted as shown in Fig. 59 B. We have 
seen that an inverted retinal image is interpreted by the mind of 
the observer as an erect image. 

3. Position of the reinforcing lens In the vista. 

The position of the lens which is employed to reinforce the 
optical system of the eye may be varied at pleasure. 

The largest magnification is obtained when the lens is disposed 
at its full focal length from the object. The largest field is, as we 
shali see, obtained when the lens is brought close up to the eye. 

4. Magnification. 

The imago which is formed on the retina by the aid of a convex 
lens working as a doublet with the optical system of the eye k 
magnified — as compared with that obtained in the case of the un- 
aided eye — to the extent to which the opening limb of the vista has 
been shortened. 
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In the case represented in the figure below, the opening limb of 
the vista measures 25 mm., in lieu of 250 mm. as in the case of tin - 
aided vision. We have here, accordingly, an Image on ten-fold 
magnified scale. 

5. Methods of measuring the scale of the image obtained In the case 
where a convex lens Is used as a doublet with the optical system of the eye. 

The scale of the magnification obtained in the case where a con- 
vex lens forms a doublet with the optical aystem of the eye may be 
arrived at by any of the following methods ;— 

( I ) We can measure the opening limb of the vista and arrive 
at the magnification by dividing this length expressed in milli- 
metres into 250, the number of millimetres contained in the 
opening limb of the vista in the ease where an object placed 
at the near point of vision is viewed by the unaided eye. 

The measurement which is here required is a somewhat diflUcult one 
to make in the case where we are deaUng with a lens combination or 
with a lens of short focal length. 

(2) We can, viewing with 
one eye through the lens a 
scale, and vieiving with the 
other eye without the assist- 
ance of a lens another scale 
placed at 250 mm. from the 
eye, by a mental effort com- 
bine the two images and 
compare their dimensions. 
„ (3) We can, viewing with 

one eye the image of a scale 
seen through the lens, and 
with the same eye the re- 
flected image of a similar scale 
placed a distance of 250 mm. and seen without the interven- 
tion of the lens, directly compare their dimensions. 

In addition to involving the use of apparatus which is somewhat 
difficult to adjust, tltia method will be found to involve — as does also 
Method 2 — a careful balancing of the brightness of the magnified and 
unmagniiied images which are being compared. 

(4) We can, by the exploitation of a fiduciary phenomenon 
furnished by a diffraction grating, select, from a series of 
paired rulings, two pairs of rulings which give, the one when 
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viewed by the unaided eye, and the other when viewed by the 
lens-armed eye, in each case a retinal image of exactly similar 
dimensions. 

The quotient obtained by dividing the elongation of the first- 
mentioned by the elongation of the second-mentioned pair of lines, 
corresponds to the magnifying power of the lens. 

The details of the method of procedure have been already furnished 
in Cap. IX, Ajypendix 2. 

(6) We can — and here, as in Method 4, we make a new de- 
parture — place behind the lena whose magnifying power is to 
be elicited a focussing lens, and again behind this in its prin- 
cipal focal plane a mierometrical scale. 
In the case where the focal length of the focussing lens conforms 
to the focal length of the eye, the image obtained upon the screen 
which carries the mierometrical scale will manifestly conform to the 
image formed upon the retina. 

Where, again, the focussing lens possesses a focal length of 260 
mm., the image obtained will correspond to the image which is pro- 
jected outwards from the retina upon an image plane disposed 
260 mm. from the eye. 

And again, when the focal length of the foeusaing lens represents 
an aliquot fraction of 250 mm., the image formed upon the micro- 
metrical scale TiHIl be smaller than the image projected from the eye 
to the near point of vision in the proportion in which the principal 
focal length of the focussing lens is leas than 250 mm. 

The author's eikonometer, which is figured below, is constructed 
upon the optical principles just set forth. 



0. Description of the eikonometer ' and procedure for measuring ihe 
magnifying power of a simple microscope by its aid. 

The eikonometer represented in perspective and in section in 
the figures below consists essentially of two optical elements. 

The first optical element is a plano-convex lens of 25 mm. focal 
length. This focuases upon the mierometrical scale placed in its 
principal focal plane the pencils of parallel rays which are furnished 
by any magnifying lens that is working at its principal focal 
distance from the object. 

The mierometrical scale is ruled in divisions one-tenth of a 
millimetre apart. The value of theee divisions is equivalent to that 

1 Described Proeeedings Rotfal Mierose&pical Sockti/f 1904. 

L 
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of millimetre divisions disposed in the principal focal plane of a 
focussing lens possessing a focal length of 250 mm. 

The second optical element in the eikonometer is a Ramsden 
eye-piece. Here a combination is employed which has a focal length 
of 25 mm. and a corresponding magnifying power of 10 diameters. 

The Ramsden eye-piece focusses the scale upon the observer's 
retina and, exactly compensating for the mtnlfieattoQ effected by 



Fig. m (A and B). 

EIKONOMETEB — A, PEBsrEC^iVK: V^IEW ; B, OPTICAL $ECnOK> 

A. foeOHlnR leitt («>TT««pojidlng to the leiy Hyatem of the fly*) ; B, recdvlng icreeo (corrropoodlne to 
Mtlda) SMTyiug ft mlcnimetiiriil kaIp rul«d In t*-nth« at • mllltnietre ; C, i'ye-pi«» fiKU^incr U(k>u lli« 
mlerotDrlilcal nAtte ; D. «tud Utting into » Apiritl «li>t 1u E. onUst flstve, «hlch aliowi ol tti« clkQDoiii«tr>f 
heiiitt Tti'iti or Jowered iJi such a msnner m to brina the loeiualng Um into the pUtne u( tUe fUm«4KQ 
disc o( th« tens whew magDllj-iafE [tower Is li^Liip meuuieiL 

the focussing lens of the eikonometer, gives to the one-tenth mm. 
divisions of the micrometer scale the value of milliraetre diviaions 
placed at a distance of 250 mm. from the eye. 

In addition to the focussing arrangement for the Ramsden eye- 
piece, there is provided also an arrangement which allows of the 
focussing lens being disposed accurately in the Ramsden disc of 
the lens under examination, in such a manner as to take in the 
whole of the field. 

In the arrangement adopted the tube of the eikonometer moves 
up and down in an outer sleeve — the movement being regulated by 
a stud fitting into a spiral slot. 

Instructions for measuring by the aid of the eikonometer the magni- 
fying power of the simple microscope.^Pla^ie on the table a milhmotre 
scale and dispose the lens whose nmgnifjnng power is to be measured 
at its principal focal distance from the scale in such a manner as to 
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obtain the largest possible image. Now place the eikonomet«r on the 
top of the lens and read off the number of divisiona of the eikonometer 
scale covered by the image of a division of the object scale. The num- 
ber of divisions covered gives the magnifying power of the lens. 

7. Qu&lity of the image. 

If the eye behind the simple microacope is in all respects normal the 
quality of the image obtained will be dependent upon the accurate 
figuring and correction of the lens combination and the numerical 
aperture of the beam which passes through the simple microscope 
into the eye. 

Resolution in plan. — In the case where the figuring and the cor- 
rection of the simple microscope is to all intents and purposes 
perfect, the resolution obtained will (assuming that the pupil is not 
artificially restricted in such a manner as to reduce the n.a. and 
thereby to increase the dimensions of the antipoint) be superior to 
the reiiolution obtained with the unaided eye in the proportion in 
which the scale of the image obtained with the simple microscope 
is greater than the scale of the image obtained with the unaided eye. 

Resolution in depth.— The numerical aperture of the opening 
limb of the vista in the case where the simple microscope is em- 
ployed is to the numerical aperture of the vista in the case where 
the unaided eye is employed inversely as the focal length of the 
simple microscope is to the focal length of the eye when focussed 
upon the near point of vision. In correspondence with this reao- 
lution in depth will be improved in the image obtained with the 
simple microscope as compared with the image obtained with the 
unaided eye. 

Obfu^cation. — We have seen that the image becomes clouded 
with shadows in the case where the numerical aperture of the 
closing limb of the vista is reduced. No such restriction of the 
numerical aperture of the closing limb of the vista occurring when 
a simple microscope is taken before the eye, it follows that the 
retinal image which is furnished by the simple microscope work- 
ing in conjunction with the eye will be as little troubled by 
shadows as the image furnished by the unaided eye. 

Experiment i. Take before the eye a convex lens which gives 
a fourfold magnified image when working at ita principal focal distance 
from the object. View through this lens the diffraction grating supplied 
with this book, and note that this grating, which is ruled with sixteen lines 
to the mm., m as well resolved as lines ^ mm. apart viewed by the unaided 
eye from a distance of 250 mm., or lines 1 mm. apart viewed from a 
distance of 1 metre. 
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It will be remembered that the stjindard of rpsolution for the normal 
eye is fotir lines to tlie millimetre at a distance of 250 mm., of one line to 
the millimetre at a distaneo of 1 metre. 

Experiment 2. Inscribe with ink or a glass- writing pencil upon each 
of two cover-glasaes a system of paraUel rulings. Superpose the cover- 
glasses one upon another in such a manner that the ruled surface of 
each covcr-glaaa may be uppermost, and dispose tiie cover-glasses so that 
the lines may intersect in such a manner aa to form a pattern of squares. 
Now cover in with another cover-glass. 

Looking down upon the cover-glasses from abo^'e. it will be dii!tcult 
to tell that the rulings are disposed upon separate optical planes. Taking 
now a convex lens in front of the eye, bend down over the object until 
a clearly focuaaed image is formed upon the retina. The faet that the 
two Bjistems of rulinga are dL*iiposed upon separate optical planes will 
now be apparent in the fact that when the one H>-8teni of rulings is seen 
in accurate focus the other will be out of focus. 

8. Effect of artificially shutting down the numerical aperture of the 
simple microscope. 

The effect of shutting down the numerical aperture of the simple 
microscope by graduated pin-hole openings placed either before or 
behind it will be similar in all respects to the effect exerted by such 
pin-holes upon the image furnished by the unaided eye. 

Experiment i. Taking in hand the lens employed in Experiment 
1 subsist. 7, shut down its aperture by tlie aid of the perforated card 
employed in Cap. X, subsed. 9, and view hi succession through the series 
of pin-holea the diffraction grating supplied with this book. Note that the 
image is not seriously impaired and. in particular, that resolution in plan 
is not abolished until the numerical aperture of the closing limb of the 
vista is reduced to 0-001 , 

Experiment 2. Stopping down in the same manner as before. 
the aperture of the lens, and viewing through it a brightly illuminated 
blank surface, note that the aperture of the closing limb cannot be 
reduced to 0-00 1 without producing serious obfuscation. 

Experiment 3. Placing before you the same arrangement of 
ruled cover-glasses aa in Experimenl 2 in sitbsfd. 7, and stopping down 
the lens as above, note that both systems of lines are brought into 
view at one and the same time, constituting, as in the case when they 
are viewed by the unaided eye, a system of squares. 

9* Delimitation of the Held of the image. 

It has already been laid down above {subsed. 3) that the extent 
uf the field which is imaged by the simple microscope is greatest 
when the lens is brought quite close up to the eye, and that it 
diminishes progressively as the lens is carried away from the eye. 

The reason of this will appear on comparing Fig. 01, below, with 
Fig. 69, B. 
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It will bo seen that in Fig. 59, B,the beams which proceed from the 
object aU enter the eye and are focuased upon the retina. 

In Fig. 61, on the contrary, those from the periphery of the field 
go wide, with the result that the field of view is restricted. 

In point of fact, the field is in this case cut down by the pupillary 
margin of the pupil. 

The condition of affairs under the two contrasted conditions 
will be further elucidated by the following experiments. 
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Experiment i. Bring a pocket lens up close to the eye, and 
bend do'BTi over this page^ or over other printed mattefj until the text 
just comes into view in accurate focua. Count the number of letters 
included iu the field. 

>Iaintaiiiing the lena in position, carry the eye farther and fartlier 
away. Note that the magnification remains wliat it was, while the 
field of the image is progressively restricted. 

Experiment 2. Placing any printed raatt-er upon the stage of 
the microscope, focus down upon it with the low power of the microscope, 
having first diacarded the ocular and having placed the eye at the open 
uppei- end of the barrel of the microscope. 

Now shut and open the disengaged eye. As you do so note that the 
field of view expands and contracts, showing that it is now, as in Cap, 
X, subseci. II, delimited by the pupillary margin of the iris. 

Experiment 3. Take in hand a microscopic ocular. Unscrew- 
ing the field lena, insert into it from below a disc of printed paper. Tliis 
done, hold the eye-piece up to the light and look into the eye lens, placing 
the eye in the ordinary way close to the lens, in such a position that its 
Bamsden disc occupies the pupil Note that the field of view is now 
delimited by the margin of the diaphragm of the eye-piece. 

Close and open the unengaged eye and observe that this makes no 
difference to the extent of the field of view. 

Now carry the eye gradually away from the eye-piece, and note that 
first the edge of the diaphragm, and then zone after zone of the peri- 
pheral field, is lost to view. 

Close and open the unengaged eye and observe that the field is now 
limited by the pupUlary margin of the iris. 



CHAPTER XII. 

IMAGE FORMATION IN THE CASE WHERE THE OBJECT 
IS VIEWED THROUGH THE COMPOUND MICRO- 
SCOPE. 

IrUfoductory — Optical sysUm of the compimnd microscope — Detailed ccmsidera- 
tion of the microsc^ipe stage ani ej/e-pieft diaphragm {objective and field 
hns) vista — Magnification achieved in this viata and ifrocedure, for 
m&t»uring this magnification — Meofuretnent of the extent of object fkid 
which is imaged — Quality of the imagt furnished by the ohjectit^ — Ejfe 
tens and eye vista — Magnification achieved in this t>ista and method* 
for the measurement of this magvification — Quality of the intage furnished 
by this trjflta— y Mftjt of the etth-stagi vcntdfnser — Scale and qttality of 
the image furnished by the condenser — Catena of the aperturnl planes 
Qf the microsct^pe — Configuration and course of the beams in tfte catena 
in question — Bcolt of the image furnished in tlte Ramsden disc of the eye 
lens^On tfie primary catena of the m4cr&se6j>e considered as a whoh and 
on the temtinal image which is furnished by this catena — Proeedttre for 
mcasvring the magnifying power of the microscope by means of the eikono- 
metcf — Procedure for measuring the tnagnifying pouycr of the fnicroscope 
by tlic aid of a stage micrometer and diffraction gratir^g — Procedure for 
arrimng at the magnification by dividing the numerical aperture of th^ 
Opening timbof the objective and field-lens vinta by the Tiumerical aperture 
of tJie closing limb of the eye lens and eye I'nsta^Qualiiy of the terminat 
image, and on the super imposition upon this of an entoptic picture. 



1. Introductory. 

The essential distinction between the simple and the compound 
microscope is to be found in the circumstance that we are dealing 
in the former with a single magnifying vista, in the latter with a 
catena of magnifying vistas. 

An understanding of the more complicated optical arrangements 
which are here involved will be arrived at in the simplest manner 
if we commence by the following experiments. 

Experiment i. Ptftcing a printed page before yi>u at arm's 
length, take in hand a jxwket lens, or a low-power microscopic objective. 
Begin by placing tlie lena close to the print and then gradually withdraw 
it. 
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The optical arrangement here in question is of conree that of the 
Bunple microscope (Fig. 62, A). 

Experiment 2. Withdraw the leoB beyond it* focal distance. 
The light will now emerge from its posterior surface in the form of pencils 
of convergent rays, which will come to focus somewhere in front of the 
eye, but too cloee to it to be refocuased upon the retina (Fig. 62, B). 

The field of view will at this stage be occupied only by diffusion 
discs and the optical arrangement will correspond to a completed fol- 
lowed by an incompleted vista. 

Experiment 3. Withdraw the lens still farther from the print. 
or (and this of course amounts to the same) carry back the eye until 
the aerial image which has been formed by the lens lies outside the near 
jjoint of vision. The image will now be refocussed upon the retina by 
the optical system of the eye. The image thus formed will be erect. It 
will be interpreted as inverted, and the optical arrangement will correspond 
to a catena of two vistas {Fig. 62, C and C). 

Experiment 4. Re-constituting the arrangement in Experiment 
3, supra, take into the disengaged hand another convex lens and inter- 
pose it between the first lens, which is in such an arrangement technically 
denoted the objective, and the aerial image. As a result of the intro- 
duction of this *' field lens " the field of the image will be extended, the 
scale of nsagniiication being proportionately reduced. 

The optical arrangeo)ent will now be that <*hown in Fig. 62, D and D'. 

It is to be noted that the effect exerted by the field lens increases 
and diminishes as this lens is, as the case may be, brought nearer to or 
carried farther away from the objective. 

Experiment 5. Maintaining the arrangement in Mxperitnent 
3, supra, and taking again into the unoccupied hand a convex lens, bring 
this close up to the eye, and now bend down over the aerial image fur- 
nished by the objective until this comes clearly into view. 

The optical arrangement is now that shown in Fig. 62, E. 

Experiment 6. Fixing the objective in position, take into each 
hand a convex lens. Introduce one of these as in Experiment 4, supra, 
between the objective and the aerial image, the other, as in Ejuperimml 
o, supra, between the aerial image and the eye. 
The optical arrangement is now that shown in Fig. 62, F. 
This arrangement corresponds, as we shall see in the next section^ in all 
essential points with that employed in the microscope. 



2. Optical s^rstem of the compound microscope. 

It hajs clearly appeared in the foregoing that ^^e have in the case 
of the microscope to deal with a catena of two magnifying vistas. 
We may conveniently distinguish each of tliese vistas hy a name. 
The first, or opening vista, we may, according as we have in view 
(a) the positions of the plane of origin and terminal plane of 
the vista, (b) the lens syetems which corae into consideration, or 
(c) the more important of thege, speak of as the microscope 
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siage and eye-piece diaphragm visiu, or the objective and fldd-hna 
fnaia, or simply the objective vista. The Becond and termiDa.1 vista 
we may on similar grounds speak of as the eye-piece diaphragm and 
retina vista, or, alternatively, the eye lens aiul eye vista, or simply 
the eye-lens vista. 

In the case where the microscope is furnished with a gubgtage 
condenser a third vista is concatenated to the vistas already spoken 
of. We may speak of this third vista as the light source arid micro- 
scope stage, or alternatively as the condenser tnsta, 

We may denote the succession of three vistas, the primary 
ccUenu of the mirroscope. 

It will be profitable to rehearse again, in connexion with the 
microscope, the experiments undertaken in the previous section. 

Experiment i. Place upon the stage of the microscope any 
printed matter — by preference let it be matter printed in small type 
upon thin paper. Remove the eye-piece from the barrel of the microscope 
and focus down with a low-power objective until an erect Image of the 
print h obtained. 

The optical arrangement is now conformable to that in ExperimttU 
1 of the last Hubsection. In other words, we have to deal with a single 
magnifying vista in which tlie objective is working at its principal focal 
lengtli as a doublet with the eye. 

Experiment 2. Now rack back the tube until the interval be- 
tween the print upon the stage and the objective just exceeds its focal 
length. The light which before emerged from the back of the objective 
in the form of pencils of parallel rays now emerges from it in the form 
of pencils of converging raj's coming to focus in the upper part, of the 
barrel of the microscope, but too close to the observer's eye to produce 
a clear image on his retina. The optical arrangement will now be con- 
formable to that in Experiment 2 of the last subsection. 

Experiment 3. Withdraw the eye to a distance of 10 inches or 
more from the upper end of the barrel of the microscope. An inverted 
magnified image of the print upon the stage wLl now, as in Expert^ 
metU 3 of the last subsection, be in view. 

Experiment 4. Unscrew now the eye-lens and reinsert the 
ocular into the microscope after slipping round it a rubber ring to hold 
it up in its place. On looking down upon the aerial image from a distance 
of 10 inches or more, it will be seen that a more extended field and a pro- 
portionately amaller image will be obtained than in the absence of the 
field lens. (Compare in this connexion Fig. 62, C and D' supra). The 
image will, of courae, still be seen as inverted. 

Experiment 5. Withdrawing the ocular, take in hand now 
the eye lens, hold it close up to the eye and bend down over the micro- 
Boope tube until the aerial image formed in the upper end of the barrel 
of the microscope comes into view. The conditions will now be similar 
to those in Experiment 5 in the last subsection. 
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The im^e will, like that obtained in Experiment 3 of the present 
subsection, be aeen as inverted. It will differ from it in the fact that it 
will be magnified by the power of the eye lens. 

Experiment 6. Restoring the eye lens to its position in the 
ocular, and looking down through it (adjusting the position of the ob- 
jective if this should be necessary ) the conditions will be eimilar to those 
in Experiment 6 in the last subsection. The image obtained will be seen as 
inverted and will correspond to that in Experimeni 4 above, njagnified 
by the power of the eye lens. 

Experiment 7. Substituting for the print upon the stage a 
transparent object or, in default of this, giving transparency to the 
printed paper by placing on it a drop of oil, focus the condenser upon the 
object in the manner prescribed in Cap, XIII, s^tbsect, 4. 

An image of the Uglit source is now brought into view at the same 
time as the object on the stage of the microscope. 

We have now concatenated the condenser vista with the objective 
and eye-lens vistas, and an ima^e of the light source is now brought into 
view in association with the image of the object on the stage of the 
microscope and with the image of the diapliragm of the ocular which 
lies in the principal focal plane of the eye lens. 

Let it be noted : (a) that the image of the light source is seen as 
erect. This is in conformity with the fact that it has undergone 
inversion in three successive vistas, {b) That the image of the object 
upon the stage is seen as inverted. This is in conformity with . he 
fact that it lias undergone inversion in two successive vistas, and (c) 
that the image of tlie eye-piece diaphragm is seen as erect.' This 
is in conformity with the fact that it has undergone only one inversion. 

3. Detailed consideration of the microscope stage aod eye-piece dia- 
phragm (objective and field- lens) vista. 

Conimtr of the vista aiid course of the beams. Fig. 63 shows the 
general contour of the vista and the course followed by the axial 
and most obliquely incident beams respectively. 

Opening Unib of the vista. The opening limb and the equator of 
the vista are shown in more detail in Plat^ VII, Fig. 3. It will lie 
seen that the expanding 1:»eams (here coloured respectively red and 
blue) take origin from radiant points upon the microscope stage 
and fall upon the front lens of the objective combination (here 
shown for simplicity au consisting of two lenses only). Emerging 
from the back surface of the front lens with a reduced angle of 
divergence, they enter the posterior lens, intersect here, and are 
converted into peneila of parallel raya which finally, on emergence 
from the lens, become converted into pencils of convergent rays. 

* This can readily be verified by inscribing a fiduciary mark upon the 
upper OT lower margin of the diaphragm of tlie eye-piece. 



IMAGE FORMATION IN COMPOUND MICROSCOPE 155 



Apertural 'plane. The optical features of the apertural plane 

are also exhibited in 



.r-/^ 



■^-^J 



Fio. 03, 



Plate VII, Fig. 3. We 
have here represented 
three beams, coloured 
respectively red and 
blue, passing through 
the objective. The 
figure makes clear 
that these beams in- 
tersect in the neigh- 
bourhood of the back 
surface of the poster- 
ior lens of the com- 
bination, and that 
they form here a sys- 
tem irf nodal points which radiate (through an angle which corre- 
sponds to the field angle) in each ease both blue and red light. 

Experiment i. Using a blue pencil, inscribe upon a piece of 
white paper a blue disc of such a size as to occupy about two-thirds of 
the field of a low-power objective. Using a red pencil, now encircle 
this blue disc with a red annulus. 

Taking the low-power objective in question before the eye. bend down 
over the figure until an erect image ia obtained. Now withdraw the ob- 
jective until the object becomes blurred. It is now working as in the 
microscope beyond its principal focal distance. Fixing the objective 
in this position bring into view under a pocket lens the optical plane 
wliich corresponds to tlie back of the posterior lens. It will be found 
that this optica! plane radiates to the eye light of a uniform purplish 
colour. In point of fact the optical plane in view is now occupied by 
just Buch a system of radiant points as that depicted in the figure. 

Experiment z. Maintaining unaltered the optical arrangement 
in Experimenl 1, drop upon the back surface of the objective a tine glass 
filament. As seen through the pocket lens this filament will appear as a 
blue object outlined in red upon a blue field. 

The explanation of thi-s appearance is furnished by the fact that the 
glass filament hiw, in the manner explained in Cap. i, sect. I mbsccL (d) 
in connexion with the glass spherule, analysed the purplish beams which 
proceed from the nodal points in the Ramsden disc into their blue and 
red components, (Vide in this connexion Plate 1, Fig. D, Plate II, Figs, 
k and m, Plate IV. Fig. 1, and Plate XI, Figs. 1 and 2). 

Closing Ihnh of the tnsia. Emerging, aa shown in Fig, 63. from 
the back of the objective combination as pencils of converging ray^. 
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the beanie would — ^were it not for the interpoeition of the field lens — 
come to focus in the manner indicated in Fig. 63 by the dotted lines. 

Falling as they do upon the field lens, they are brought to focus 
as show^n in the figure by the unbroken lines. 

The field lens effects, as will be seen (a), a focussing of the beams 
upon a nearer focal plane, and (6) in the ease of the beams which 
fall eccentrically upon this lens, also a bending in of the axes of 
these beams towards the centre of the field. 

In conformity with these displacements, there is obtained in the 
diaphragm of the ocular a less magnified but proportionately 
more extensive view of the object upon the stage (cf. Experiment 4, 
subseci. 1, Experiment 4^ subaect, 2, supra, and Figs, 62, D, and 63). 

4. Magnification achieved in the objective vista and procedure for 
measuring this magniQcation. 

Of the many methods which are available for the measurement 
of the magnification achieved m the objective vista the folloM'ing is 

the simplest. 

Procedure. Place upon the stage of the microscope a stage micro- 
meter, or, in default of this, the ruling (16 lines to the mm.), which is 
supplied with this book for the purposes of diffraction experiments. 
Focus down upon the ruling witli a low-power objective. Read off the 
number of divisions of the micrometer which are included in the field. 
This reading will give us the diameter of the field which is imaged by 
the microscope. 

Tliis done, unscrew the lenses of the ocular, insert into its vacant 
tube a dis? of paper and press it home against the diapitragm. Now 
mark off upon tliis paper with the point of a jiencil the dimensions of the 
diaphragtn. On measuring this and dividing by the dimensions of the 
object field, we obtain the magnification achieved in the objective vista, 

5. Measurement of the extent of object field which is Imaged. 

The measurement of the object field which is imaged can be 
obtained— (a) either, as was done in the last section, by placing a 
micrometer scale upon the stage and reading off the number of 
divisions which are brought into view. 

Or alternatively (&) by measuring, as was done in the last sec- 
tion, the diameter of the diaphragm of the eyepiece and dividing 
by the magm'fication, 

6. Quality of the image furnished on the terminal plane of the 
objective vista. 

Leaving out of consideration questions relating to the figuring and 
corrections of the objective field-lens combination, we may here 
consider the question of the effect exerted on the quality of the 
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image by the widening, or, as the case may be, the closing down 
of the aperture of the opening limb of the objective vista. 

The widening of the aperture of the opening limb improves the 
image by cutting down the length of the shadows cast by elements 
in the microscopical preparation which lie above or below the 
optical plane which is for the moment under observation. 

Again, the widening of the opening angle has as its result a 
widening of the closing angle of the vista. 

This in its turn improves the image, (a) by reducing the dimen- 
sions of the antipoint, and (&) by freeing the image from the 
shadows east by intrusive obstacles in the closing limb — by such 
obstacles for instance aa particles of dust upon the field lens. 

The experiments which illustrate these points are reserved till 
we come, in Cap. XV, to deal with the adjustments required for 
obtaining a critical microscopic image. 

7t Eye lem and eye vista, 

ConfiguraHon and course of the beams. The general configura- 
tion of the vista and the course of the Ijeams is set forth in Fig. 04. 



Fio. (U. 

Openin/f limb of the viata. Taking their departure from the 
image plane of the objective and field-lens vista in the diaphragm 
of the eyepiece, the beams which are here in question expand until 
they fall upon the eye lens. They are by this lens converted into 
pencils of parallel rays. Of these pencils the central one, which Ues 
in the axis of collimation of the instrument, pursues its course un- 
deflected ; the outlying ones which traverse the periphery of the 
lens are, as shown in the figure, thrown inwards by refraction in such 
a manner as to cross each other's path. 

Apertttml plane {Ramsden disc). The region upon which 
all the beams, which traverse, as shown in each case, different 
regions of the eye lens converge, is the Rameden disc or apertural 
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plane of the eye-lens vista. Its appearance, ae seen by an observer 
looking down upon the eye-lens of the microscope from a distance 
of 10 inches or more, is shown in Figs. 1 and 2, Plate X. Its 
appearance, as seen when examined with the aid of a pocket lens, 
is shown in Plate X, Fig. 3, A, B and C. 

Its optical structure comes clearly before the eye on following 
out the course of the blue and red rays in Plate VII, Fig. 4, Pro- 
ceeding from the image plane of the objective vista, these rays are 
seen to intersect in such a manner as to form an interfusion disc. 
From the nodal points here formed a mixture of red and blue light 
is radiated. 

This system of points constitutes the counterpart (and, as we 
shall presently see, the image) of the system of radiant points which 
occupies the apertural plane of the objective (Plate VII, Fig. 3). 

Experiment i. Placing upon the stage of the microscope a 
parti -coloured radiant field such as that employed in the experiments in 
itubsef. 2, supra, or projecting by means of the condenser an image 
of such a field upon the stage of the microscope, focus down upon it 
with a low-power objective. The Ramsden disc of the eye lens, examined 
with a pocket lens, will now be found to radiate a uniform purple light. 

Experiment 2. Maintaining the arrangement employed in the 
last experiment, bring a fine filament of glass into the Ramsden disc 
of the eye lens. It will, as in ETperm(tnt 2 mibseetion 3. $ypra, 
be seen as a blue object outlined "in red upon a blue field. 

Closing limb of the vista. Having passed through the Ramsden 
disc as through an aperture, the pencils of parallel rays, which 
constitute the separate beams, spread out in the form of an 
expanding cone. 

In the case, illustrated in Fig. 64, where the Ramsden disc is 
positioned in the pupil, all these beams are received into the 
eye and are all brought to focus upon the retina, with the 
result that the whole of the picture which lies in the diaphragm of 
the eye piece ia brought into view. If the eye were disposed, as in 
plate VII, Fig. 4, at some little distance behind the Ramsden 
disc, the delimiting beams of the vista would go wide of the pupil, 
and the field of view would be restricted by the pupillary margin 
of the iris, as in Cap. X. eubsect. 11, Experiment 1-3, and in Cap, 
XIj subsed. 9, Experimenl 2. 

8. Magnification achieved in the eye vista, and methods for tbe 
measurement of this magniOcation. 

The magnification which is achieved in the eye lens and eye viBt& 



IMAGE FORMATION IN COMPOUND MICROSCOPE 169 



corresponds to the ratio in which the length of the opening limb of 
this vista stands to the length of the opening limb of the vista which 
comes into consideration when any object is viewed with the unaided 
eye from a distance of 250 mm. 

(This magnification may most conveniently be meaaured : — 
(I) By measuring the diameter of the diaphragm of the eye- 
piece and reading off upon the scale of an eikonometer the 
I dimensions of the image of the opening which is formed by the 
I eye lens ; or, in default of an eikonometer, 
(2) By unscrewing the eye lens and measuring the distance 
between eyepiece diaphragm and eye lens, and dividing this 
distance into 250 mm. or 10 inches. 
I 



9. Quality of the image furnished by the eye vista. 

If we abstract the influence exerted by the figuring of the 
refracting surfaces of the eye lens and eye, the quality of the image 
will be determined by the aperture of the eye lens and eye vista, 
that is to say, by the dimensions of its Ramsden disc, 

^Tien the dimensions of that disc correspond to those of the 
normal aperture of the pupil, the image of the picture in the dia- 
phragm of the eyepiece will be as little disturbed by diffraction 
phenomena and as little troubled by siihadows of intra-ocular and 
extra-ocular intrusive obstacles as the images obtained in ordinary 
unaided vision, \Mien the dimensions of the Ramsden disc cor- 
respond with those of a pin-hole of moderate dimensions, the dis- 
turbances which are due to obstructive interference and diflfractjon 
will be comparable to those experienced when we look at objects 
through such a pin-pomt opening. Finally, when the dimensions 
of the Ramsden disc correspond with those of the very finest 
point aperture, the disturbances caused by intrusive obstacles are, 
as wilt appear in subsect. 16 sujira, such as to make anything in 
the nature of clear vision impossible. 



10. Vista of the siibstage condenser. 

Configuraiion of the visiu. The configuration of the condenser 
vista will be seen on referring to any of the figures in Cap. XIII, 
avbsects. 2—4. The radiant field which sends light to the mirror 
constitutes the plane of origin of the condenser vista. In the case 
where the sky furnishes the illumination, and where the plane 
mirror is employed^ — and this is the most convenient case to consider 
— the apertural plane of the vista is positioned in the substage 



160 



PRmCIPLES OF MICROSCOPY 



diaijliragm. Here the pencils of parallel rays which have been 
reflected upwards from the mirror intersect and interfuse (Figs. 
72, 73 and 7i). The terminal plane of the vista is, in the case 
where the condenser has been duly focussed upon the plane of 
origin of the objective vista, positioned upon the stage of the 
microscope, 

11. Scale and quality of the image furnished by the condenser. 

The image of the light source which La obtained upon the ter- 
minal plane of the condeniser vista is in each ease a minified image. 
We are not, however, here concerned with the achievement of an 
image, qua image. We are instead, as will appear in the next 
chapter, concerned with developing upon the optical plane occupied 
by the microscopic preparation a system of luminous points which 
shall be capable of radiating light into the objective in each case 
under the most appropriate angle. Such an angle will in many 
cases be the largest possible angle. 

The circumstance that the condenser is designed to form upon 
the microscope stage a minified image will be recognized to stand 
in relation with the fact last referred to. We cannot, unless by 
the employment of a minifying vista, bring a beam to focus 
under a wide angle. 

Before we rehearse and amplify, as we may usefully do, some of 
the points already adverted to in connexion with the vistas which 
constitute the primary catena of the microscope, we may conveni- 
ently turn aside and consider the catena of the apertural planes of 
the microscope. 

12. Catena of the apertural planes of the microscope. 

We have seen in Cap. VII, subsect. 36 that every optical plane 
in a catena is concatenated with a homologous plane in each suc- 
ceeding vista, and with a homologous plane in each antecedent 
vista, and that the pattern of radiant points which occupies a par- 
ticular optical plane in an antecedent vista is imaged m accurate 
focus in the homologous plane of the succeeding vista. 

It follows that m the microscope the apertural plane of the objec- 
tive vista will always be imaged in the Rarasden disc of the* eye- lens 
Tiata ; further that in the case where the condenser vista has been 
concatenated with the objective vista the apertural plane of the 
condenser vista will be imaged in the apertural plane of the 
objective vista and re-imaged in the Ramsden disc of the eye-lens 
vista (Plate X, Fig. 3, A, B and G) ; lastly, that in the image of 
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the RamBden disc of the eye lens which 13 formed upon the retina 
by the aid of a pocket lens, the apertural planes of the two 

antecedent vistas are brought into Tiew. 

Experiment, Set up a microscope in front of the window, or 
other convenient source of light. Fit to the tube a low-power objective ; 
focus down upon a blank slide and then focus the condenser upon the 
slide in the manner described in subsect, i of the next chapter. Now 
narrow the substage diaphragm in such a manner as to transmit a beam 
wliich will fill in only a part of the aperture of the objective. 

Having made these arrangements, take a pocket lens before the eye, 
and bend over the microscoije until the Rainsden diac of the eye lens 
represented in Plate X, Figs. 1 and 2, comes clearly into view. There 
will be seen imaged in tliis Ramsden disc — as shown in Plate X, Fig. 3, 
A, B, and C, the equatorial plane of the objective vista, and in this 
again the equatorial plane of the condenser viata, which is positioned in 
the subetage diaphragm. 

Satisfy yourself that tliese things are ao by widening and narrowing the 
substage diaphragm and verifying that its edge is imaged in accurate focus 
in the Ramsden diac of the eye lens which you are engaged in examining. 

13. Conflguratlon and course of the tieams In the catena of the aper- 
tural planes. 

It will suffice in this connexion to set forth the configuration 
and course of one of the component vistas of the catena here in 
question. The figure below shows the course of the rays in the vista 
which has its plane of origin in the apertural plane of the objective 
vieta and its terminal plane in the Ramsden dise of the eye lens. 
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It will be seen that the beama which take origin in the radiant 
points which occupy the equatorial plane of the objective vista ex- 
pand {under an angle which corresponds to the field angle of the 
•objective) until they fall upon the field lens of the ocular. They are 
there converted into pencils of parallel rays. 

These intersect, forming an apertural plane in the image plane 
of the objective vista in the diaphragm of the eyepiece. 

M 
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Passing onwards, they fall upon the eye lens, and are by it con- 
verted into pencils of convergent rays. These come to focus, as 
already indicated, in the Ramsden disc of the eye-lens vista. 

14. Scale of the image furnished in the Ramsden dise ol the eye lens. 
On studying the diagram it will be manifest that the opening 

limb of the vista wliich is liere in question ia longer than the closing 
limb, and tliat the angular aperture of the closing limb is accord- 
ingly greater than the aperture of the opening limb. In conformity 
with this the image of the Ramsden disc- of the obJecti\'e, which 
occupies the Ramsden disc of the eye lens is, as appears in the 
figure, an image on a minified scale. 

15. On the primary catena of the microscope considered as a whole, 
and on the terminal image which is furnished by its catena. 

Our study of the optical system of the microscope may be fit- 
tingly completed by considering the primary catena of the micro- 
scope as a whole. 

Configuration of the catena of point vistas which lies upon the 
optical axis. This is set forth in Fig. 66 below. 



Condeliser. 



Objucti^-e. 
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Eye. 
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Inversion. We have seen that the image of the object upon the 
stage is inverted in the objective vista and re-inverted in the eye- 
lens vista. It is accordingly projected upon tlie retina in the form 
of an erect image, and is interpreted as an inverted image. 

Scale of the ima.ge. The magnification of the terminal image isj 
as in the case of every catena of magnifying vistas, the product of the 
magnification achieved in the component vistas taken separately. 

Procedures for meamiring the cumulative magnification achieved 
in the primary catena of the microscope. The following represent 
a selection of the method'^ which are available for the measiu-e- 
ment of the cumulative magnification achieved in the combined 
optical system of the microscope and eye. 

(1) We can in two separate operations determine the mag- 
nification achieved in the objective vista separately and in the^ 
eye vista separately. We> can arrive at the total magnification, 
by multipljang these two factors. 
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(2) We can in two separate operations determme the mag* 
nifying power of the objective employed as a doublet to the 
eye and the magnification of the ocular regarded as an inde- 
pendent optical element, and we may then multiply together 
these two factors. 

Tliia method will be elucidated in the next chapter in dealing with 
tliG tnagnif ying power of the separate optical elements of the niicroscope. 

(3) We can place a micro metrical ruling on the stage of the 
microscope and read off the value of its divisions upon the scale 
of an eikonometer placed in position upon the eyepiece. 

(4) We can, by means of a diffraction grating of appropriate 
periodical interval placed in front of the eye, effect the doubling 
of the lines of a micrometrical ruling placed upon the stage and 
seen by the aid of the microscope. Maintaining the periodical 
interval of the grating unaltered, we can in a second operation 
select from a series of progressively wider and wider inter- 
spaced rulings, placed at a distance of 250 mm. from the un- 
aided eye, a ruling which is also doubled by the grating. The 
periodical interval of the ruling thus selected, divided by the 
periodical interval of the micrometrical ruling on the stage of 
the microscope, furnishes the magnification which has been. 
effected by the microscope. 

The principle of the method has been expounded in Cap, IX, 
Appendix II. 

(5) We can determine the numerical aperture of the closing 
limb of the eye vista, and divide thk into the numerical aper- 
ture of the opening limb of the objective vista. 

The procedures wluch come into application in connexion with the 
three last enumerated methods of measuring the magnifying power 
of the microscope may here be briefly set forth and exemplified. 

16. Procedure for measuring the magnifying power ot the microscope 
by means of the eikonometer. 

Place a micrometrical ruling upon the stage of the micrc^copii 
and focus down upon it with the objective and ocular whose com- 
bined magnifying power is to be measured. 

Having focussed its Ramsden eyepiece upon the micrometrical 
scale of the instrument, place the eikonometer upon the ocular of 
the microscope, arranging it so that the lines upon its scale may run 
parallel to those of the stage micrometer, and raising, or, as the case 
may be, depressing, the focussing lens in its sleeve in such a manner 
as to take in the whole field of the eye lens of the microscope. 
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Now read off the value of the divisions of the stage micrometer 
in terms of the divisions of the scale of the eikonometer, remember- 
ing that the divisions of the eikonometer scale have the value 
of millimetre divisions placed at the standard distance of 250 mm . 
from the eye. 

Example. Four of the diviaiotis of a stage mierojiieter which is 
ruled in hiinclreclths of a miHirnetre are found to coincide with five of the 
divisions of the eikonometer scale. 

Answer. ^-Tlis magnification is 125-fold. 

17. Procedure for measuring the magnifying power of the mlero^eope 
1)y the aid of a stage micrometer and difiraction grating. 

Place upon the utage of the microscope a ruling consisting of a 
succession of opaque and transparent lines and focus down upon it 
with the objective and ocular whose combined magnifying power 
is to be elicited. Take in hand a diffraction grating and dispose 
it in or near the apertural plane (Ramsden disc) of the eye lens of 
the microscope, with its rulings lying at right angles to the rulings 
of the stage micrometer. Looking down now into the microscope 
through the grating, rotate this last until the point is arrived at 
when the dark flanking lines, which in each case are derived from 
the dark object hnea, fuse to make an intercostal line in the centre 
of the clear spaces, and when the bright flanking lines which derive 
from the bright object lines fuse in each case to make a bright inter- 
costal line in the centre of the dark spaces. 

Maintaining now* the orientation of the grating, look tlirough it 
at a system of lines^such as is to hand, s^itpra, in Fig. 54, dis- 
posed at a distance of 250 ram. from the unaided eye, and take 
note of that pair of rulings which gives an intercostal line similar 
to that obtained in the first observation. 

Now divide the periodical interval of the rulings which were seen 
dA doubled under the microscope into the linear distance between 
the two lines which have in the second observation furnished the 
intercostal line. 

The quotient represents the magnification effected by the 
microscope. 

Example. A sj*8t.era of dark and bright, lincej nUed ^'j; nam. apart, 
is placed uimti the stage of the micro&eope. A grating of similar periodical 
int-erval is interposed between th« eye und tlie eye lens of the microscope, 
A clearly defined intercostal line apjwars in the* centre of both the dark and 
bright bands, wlien tlie lines of the diffraction grating are diBpoaed at an 
angle of 40" to the lines upon the stage. 

Viewing with the unaided e^'e Fig. j4, from a distaaoe of 250 roni., and 
holding the grating close up to the eye, with its rulings disposed at an angla 
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of i^" to the lineia in the Sgure, it will be found that a median intcorcostal 
linb ia obtained in the case of the pair of lines which are placed 3 mm. apart. 
Inasmuch aa tlie nacroscope has here separated out Unea placed ^\ mm. 
apart until they lie as far apart upon the observer's retina as lines 3 mm. 
apart seen without the microscope, the inagnihcation achieved by the 
tiiit;fo3coi>e ia a 48-fold magnification. 

18. Proce4iii« for arriving at the ma^iflcation by dividing the nu- 
merical aperture of the opening limb of the objective and Eleld-leiis vista 
by the numerical aperture of the closing limb of the eye lens and eye vista. 
The general principle upon which this method of determining 
the magnification of the raicroseope depends has been explained in 
Cap. VII, subsed. 35. We have seen there that whether we are 
dealing with a single vista or with a catena of vistas, the numerical 
aperture of the closing limb diminishes in each case pari passu with 
the magnification achieved. In conformity with this we can obtain 
the magnifjing power of the microscope by dividing the numerical 
aperture of the opening hmb of the objective vista by the numerical 
aperture of the closing limb of the eye vista. 

Deter miimtion of the numerical aperture of ike beam which enters 
the objective. 

The determination of the numerical aperture of the beam which 
enters the objective involves (a) the measurement of the diameter 
of the back lens of the objective, or, in the case where the objective 
is not fully filled, the diameter of the illuminated area of the back 
surface of the objective, (b) the measurement of the focal length of 
the objective, and (c) a knowledge of the refractive index of the 
medium in which the object is mounted. 

The first measurement (a) may be obtained where the back lena 
of the objective is fully filled, and where it is directly accessible to 
measurement by the application of a millimetre rule to the objec- 
tive. In the case where the back lens is sunk, or where it is only 
partially filled by the transmitted beam, we obtain the measure- 
ment required by measuring the Ramaden disc of the eye- 
leiDa^ and multiplying by the niagnifying power of the ocular, as 
ezjihlned in Cap, XIII, snbsect. 45. 

The focal length of the objective {&) ia arrived at most simply 
by measuring its magnifying power (mde Cap. XllI, svhs^t. 28)» 
and dividing this magnifying power into 250 mm. or 10 inches. 

From these measurements, and a knowledge of the refractive 
index of the medium in which the object is mounted, we obtain 
the numerical aperture of the beam which enters the objective in 
accordance with the formula — 
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_T » lemidiaineter of beam x refractive index of the imniersion medium 

N,A.^ 

focal lengtfi of the objective 

Determinalmn of the numerical aperture of the beam tvhich {3 fur- 
nished to the €ye by the eye lens of ike microscope. 

The numerical aperture of the beam which is furnished to the 
eye by the eye-lens of the microscope is obtained by dividing the 
semi-diameter of the Ramaden disc of the eye lens (measured as* 
explained in Cup. VII, sec^ 39), by 250 mm, or 10 inches. 

The magnifying power of the microscope is obtained from the 
numerical apertures of the opening and closing beams in accordance 
with the formula — 

Magnifying power numerical aperture of beam wliich enters the objective 

of micfOflcDpe numerical aperture of beam which enters the eye 

Example i. {a) T!ie opening beam of the objective vista completely 
fills tlie back lens of the objective. The objective, which is a dry lens, has a 
focal length of 19 mm. The diameter of the back lens is 8 mm. 

4 
The numerical aperture of the opening beam is thus t -- ^ 0-25. 

16 

{b) The Bamsden disc of the eye lens roeaaurea 1 mm. The closing limb 
of the eye \'iBta is taken as 250 mm. 

The numerical aperture of the tenninal beam ia — _ = 0-002, 

260 

(c) Dividing the former of these expressiona by the latter, vte arrive at 

a magnification of 125. 

Example S. (a) The opening beam of the ol>jecti-\'e vista does not 
fill the back lens of the oil-immersion objective employed. 

Ab a consequence, the diameter of the aperture of the objective 
vista cannot be arrived at by measuring tlie diameter of the back lens of the 
objective. 

It can be arrived at by meafinring the Ramaden disc of the eye lena 
and multiplj'ing this measurement by tiie magnifying power of the ocular. 

The Ramaden disc of the eye-lens raeflsuxea 0-5 mm. 

The ocular poseeases a magnifying power of 4. 

It foUowa that the aperture of the objective vista measures 2 mm. 

The focal length of the objective is 2 mm. 

The refractive index of the oil which bathes its front face is l-B. 

In corresftondence with these data, the Numerical Aperture of the beam 

1 X 1'5 

wluch enters the objective is = 0-7o. 



(6) The Numerical Afierture of the ternunal beam is 



0-25 
250 



= 001. 



(c) The magnification 



0.75 



is 750. 



0-001 

19. Quality of the terminal image, and on the superimposition upon 
this of an entoptlc picture. 

While the general consideration of the quahty of the terminal 
image may be appropriately postponed until we come in Cap, 
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Xin to deal with the properties of the optical components of 
the microscope, and in Cap. XV to deal with the instrumental 
adjustraenta which are appropriate for the development of a critical 
image, we maj here appropriately take cognizance of the fact that 
a projection picture of the pupillary aperture, or of a portion of 
that aperture, is in every case superimposed upon the image which is 
furnished hy the microscope, and that this superimposed picture does 
when it acquires distinctness seriously obscure the microscopic image. 

This will be clearly realized on carrying out the following experi- 
ment : — 

Experiment. Having narrowed the aubstage diaphragm, and 
having fitted to the barrel of the microscope a high-power objective and 
a high-power ocular, focng down upon any brightly-illuminated raicro- 
seopical preparation. 

Now, using one eye only, view the Ramsden disc of the eye lens 
from a distance of some I0(i mm. 

When the Ramsden disc is viewed mider these conditions, the image 
which is obtained is an unfocnssed image. But it is, be it noted, quit© 
other than the unfocusaed image which would be obtained with an ab- 
solutely transparent lens di8|x>sed behind a clear-cut circular aperture. 
Instead of the absolutely sharp-cut and homogeneously illuminated 
disc of fixed dimensions which would in such case be obtained, we 
have here ujmn the retina a disc of coarsely granular texture, composed 
of dark and brightly scintillating point:*, delimited by a margin of 
Bpikes, and varying in size as the pupil of the observing eye dilates and 
contracts. There ia, in fact, here in view a projection picture of the 
pupillary aperture which diifers only with respect to its smaller dimen- 
aions and its coarser texture from the projection picture with which w© 
made acquaintance in Ei-periments 1-3, Cap. X, snbsed. 11, and in 
ExperimciH 2, Cap, XI, subsect. 9. 

Xow bring the eye nearer to the microscope, and note that, as the 
obliquer beams which come off from the Ramsden disc enter the pupil, 
and as tJie ditTui+ion discs wJiich correspond to the individual beams 
whicli take origin from radiant points in the Ramsden disc expand as 
these are brought nearer to the eye, the illuminated area on the retina 
grows larger and larger. The general appearance of the disc now 
corresponds to that which is represented m Fig, 4, Plate X. 

Finally, bring the eye still nearer to the eye lens mitil the Ramsden 
disc comes tu lie in, or a short distance in advance of, the pupillary 
aperture. Note that as the eye is brought into this position the granular 
disc continues to expand until its margin is hid behind the diaphragm 
of the ocular, and its texture o]>ens out and acquires a certain trans- 
parency (Plate XVIII, B). FinaU3^ take cognizance of the fact that 
under the conditionis of the present exiwriment the blurring which is 
referable to the opacities of the ocular media never entirely disappears, 
and that the resultant pattern of light and shade hangs everjrwhere aa 
a smoky haze over the microecopic image. 



CHAPTER XIII. 

ON THE OPTICAL ELEMENTS OF THE MICROSCOPE 
CONSIDERED SEPARATELY. 



Mirror — The eubstage diaphragm — The subetage condenser — Focussing of the 
6uhBtage condenser — Supphmetitarif points in connexion milh the focussing 
of the condenser — Centring adfustm^jU of th* subsioge condetiser — Purpose 
of the centring ad}ustnient of the condtnser^ and meihod of centring — Method 
of eniptot/ing the condenser as an imfner^ian system — Optical pfoptrtits of 
the condenser — Focal length — Numerical aperture of the condetiser — Mta8ure~ 
ment of (he numerical aperture of the condenser — Method of obtaining from 
the condenser a wider beam than that trhich corresponds to its nutnerieal 
aperture — Corrections of the condenser, and question of the relative 
advantages of the " Abbe " and '* achromatic " condenser — Method of testing 
the corrections of the condenser — Slide and cover glass and ntedia interiioaed 
betieeen condenser and ohjective — Influence exerted upon the numerieal 
aperture of tlte. transmitted beam by the optical media interposed between 
COfidenierand objective — Distortion of the configuration of the closing Ufnh of 
the condenser insta and the opening linib of the obfecliiwista by the slide and 
cover glass and mountitig tned-ium — Distortion of the closing limb of the- 
condenser vi^fta by the interpositimi of the slide in the case xchere the 
microscopic object is mounted in air and the ccndenser ia unimmeraed — 
Distortion of the opening limb of the objective t-ieto by the itUtrpositim^ of 
the cover-glass in the cast u^here the microscopic object is mounted in air 
and the objective is unimmersed — The objectim— Classification into drtj 
and immersion chjectiita, and advantages of the latter in the case where 
highly magnifying systems are employed—Method of employing an oil- 
imnursion objective — FocMssing of the objective — Centring of the objeeHv* 
— OpHcat properties of the objective — Focal length and magnifying power 
of the objective — Meihod of measuring the focal length of the obfe^ve— 
On the numerical aperture of the (Ajective and its influence upon the quatitif 
of the microscopic image — Measurement of the numerical aperture of the 
f>t>jeciive — PriiKipte of the Abbe apertometer — Procedure for measuring ths 
N,A. of the objective, by means of the Abbe apertojneter — Procedure for 
measuring the numerical aperture of the objective u^thottt recourse to the 
apertometer — On the accurate figuring and correction of the objective, and on 
the influence exerted b*f these factors upon the quality of the microscopic imagn 
— Correetions of the objective — Correcliott collar -^Preliminary considera- 
tions in connexion tdth the testing of the accuracy of (he figuring and the 
adequacy of the correct iotts — Procedure to be adopted in coftnejcion with 
the proving of on objective — Consideration of the suitability of diatotns as 
test-objects for the proving of objectives — Employment of ^(tinsd film pre- 
poitUions of bacteria [a] as test-objecte for tlte getierai accuracy of the 
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figuring and corredivns, (b) as apecitd tegt-objetis for proving ih^ chro- 
matic correcUonSf and (o) as test-objects for provitig the flatne.ss of ifte 
image field — Objective changer — Barret of the microscope and drau* tube — 
Width of the barrel — The ocular — Determination of the magnifying 
power of tlie ocular — CorrecHons of the ocular^ 

1. Mirror. 

The mirror which ia fitted to the microscope has ordinarily on 
one side a plane, on the other side a concave face. 

The plane face furnishes, in the case where a distant light source 
Buoh aa the sky ie employed, parallel rays (Fig. 67) ; in the case 



^ 



^^^^^^ 



a 



^^^^^^ 



Fio, 67, 

where a nearer light source, such as a lamp, is employed, divergent 
rays {Fig. 68). 

The concaye face of the mirror furnishes, in the former caae» 
pencils of convergent rays (Fig, 69) ; in the latter case, pencila of 
more or less parallel rays (Fig. 70). 

2. The substage diaphragm. 

The light from the mirror is in every case transmitted to the 
microscope stage through a diaphragm in the substage, which can 
be opened up or narrowed as occasion may require. The iris 
diaphrag?n which can be seen in Plate XII, Fig, 1, furnishes the usual 
and moj^t convenient arrangement for regulating the aperture. 
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By the introduction of suitable stops into the diaphragm, any 
poiiiion of its aperture may be obtruded. The central spot stop 
(Fig. 71, A) serves for blocking out the centre ; the stop figured 




Fio. 68. 




alongside of it (Fig. 71, B) for the blocking out of the centre and 
all but a small area of the peripheral zone of the aperture. 
An effect similar to that obtained with the stop last mentioned 
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(1) A system of luminoua points, each radiating light in the 
form of a solid cone along the optical axis of the microscope, 
and outw^ards in all directions within the compass of a small 
angle from that optical axia (Figs. 72 and 73). 

(2) A system of luminous points, radiating light in the form 
of a solid cone along the optical axis of the microscope, and 
outwards in all directions within the compass of a consider- 
able angle to the axis in question (Fig. 74). 

(3) A system of luminous points, radiating light in each case 
in the form of a hollow cone outwards in all directions, in each 
case only at a considerable angle to the optical axis (Fig. 75). 

(4) A system of luminous points, radiating light in the form 
of a narrow solid cone along an 

axis disposed obliquely to tlie 
optical axis of the microscope 
(Fig. 76). 

(5) A system of luminous 
points, radiating hght of one 
colour along the optical axis and 
outwards at a small angle from 
this, and light of another colour 
at a greater angle to the optical 
axis in the form of a hollow cone 
(Plate Xr, Fig 1). 

(1) The first form of illumina- 
tion is obtained, as wilt appear 
on consideration of the figures 
above, both when the trans- 
mitted beam is severely cut down by a stop in the sul^tage 
(Fig. 72), and when the condenser ia racked down in such a 
manner as to bring the beams to focus on a plane consider- 
ably below the stage of the microscope (Fig, 73). 

(2) A system of luminous points, radiating light in the form 
of a solid cone along the axis of the microscope and outwards 
in all directions within the compass of a considerable angle 
to the axis in question is obtained when the substage dia- 
phragm is fully open and the condenser has been focussed, as 
in Fig, 74, upon the plane upon which the microscopic object 
is disposed. 

(3) The third form of illumination » known as dark-^onnd 
iUumination (Fig. 75), is obtained when, after making the 



\ 
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arrangements described in (2), the central portion of the con- 
denser is afterwards blocked out by a central spot atop (Fig. 
71, A). 

(4) The fourth form of illumination known as oblique iUu- 
minatioti (Fig, 76) is obtained when the condenser has been 
focussed as in (2), and when, further, all but a small area of 
the outer zone of the condenser has been obtruded by a 
Btop (Figs. 71, B). 

(5) The fifth form of illumination is obtained when the con- 
denser has been focussed and when a parti-coloured stop has 
been placed in the subetage (Plate X, Fig. 1). 



'^^^S^i-i'^ 



Fio. 75. 



FiQ. 76. 



4. Focu&sing of the sutetage condenser. 

It will have been realized that for every type of illumination, 
except the first mentioned, the rays from the periphery of the con- 
denser must strike upon the microscopic object. To achieve this, 
the condenser must be focusBed (or approximate^ly focusBed) upon 
the optical plane upon which the microscopic preparation is disposed. 

To this end the substage, which carries the condenser, is fitted 
with a focussing movement. 

The focussing of the condenser may be effected by two different 
procedures. Each of these involves three separate operations : — 

(1) Ordinary 'procedure. 

(1) In a first operation the optical plane upon which the 
condenser is to be focussed is brought into view under a low- 
power objective. 

(2) Provision is then made for the ready identification of 
the terminal plane of the condenser vista. This is done by 
directing the mirror to any light source which will give a 
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sharply characterized image or, failing such distinctive light 
source, by bringing into the field of the mirror some unmistak- 
able and moderately distant object — such as the cross-bar of the 
window-frame, as in Plate II, a, and Plate III, d. or. as in the 
case of Figs. 77 and 78, a system of aquares— which will supply 
in the terminal focal plane of the condenser viata a character- 
istic feature such as is required for its ready identification. 

(3) Lastly, the condenser is racked up or down until the 
image of the light source, or of the selected intrusive object, 
is brought into the optical plane upon which the microscopic 
object is disposed. 

The details of the procedure are as follow :■ — 

Place upon the stage of the raioroscope the microscopic preparation 
upon which the condenser is to be focuased. Fit a low-power objectiT© 
and a low ocular to the barrel of the microacope, and focus down upon 
the preparation. 

In the case where daylight is employed, use the plane face of tlie 
mirror and bring into its field either the window bar or, as the caae may 
be, clouds or a dist-ant landscape. 

In the case where a lamp furnishes the light, bring the flame into the 
field of the concave mirror. 

Narrow the substage diapliragm in sucli a manner as to cut down 
severely the Iwama which are transmitted through the condenser, and 
to obtain in this manner both a sharper image and an image extending 
through a greater depth of focus. 

Keeping the eye at the ocular of the microscope and transferring the 
hand from the focussing adjustment of the microscope to the focuaeing 
adjustment of the condenser, rack this last up or doinTi until a sharp 
image of the external object (lamp flame, "nindow bar, clouds, or, as the 
case may be, distant landscape) is seen projected upon the microscopical 
preparation. 

The condenser is now in focus. 

If now a at ill finer adjustment of the focua is required, open wide 
the substage diaphragm so as to obtain the finer resolution in depth and 
the shallower image, which hi, as we have seen, furnished by a wider 
ajjerture {Cap, VII, subsect. 28), and now refocua. 

Figs, 77 and 78, which are here subjoined, furnish Illustration of the 
optical conditions which obtain reaijectively in the case where the con- 
denser is focussed on an optical plane lying l>elow the stage of the micro- 
scope and on the optical plane which carries the microscopic object. 

The microscopic objects on the stage are here in the principal figure 
represented by S, S, S, and in the inset figure (oorresjxmding to the 
magnified images seen in the microacope) by circular contours. In 
the field of the mirror there are supposed to He in each case rulings form- 
ing A system of squares. These rulings are represented in the prinei- 
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Fio. 77. 




Fig. 78. 
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pal figures by the points o, 6, c ; and their images by a\ b', c\ In the 
inset figures we liave La each case a minified image of the squares. 

In Rg. 77, where the condenser is represented as racked down, the 
terminal plane of the condenser viata, whiah carries the image of the 
system of squares, is positioned considerably below the level of the 
microscopic preparation upon which the objective would be focussed. In 
accordance with tliis, the terminal plane of the condenser vista, which 
carries the image of the squares, and the plane of origin of the objective 
vista, wliich carries the microacopic object, are ia the figure depicted on 
two separate inset fi,gures. 

In Fig. 78, where the condenser is racked up in such a manner as to 
concatenate the condenser vista with the objective viata, the terminal 
plane of the former vista has coalesced with the plane of origin of the 
latter vista. In accordance with this, the microscopic preparation and 
the figure of squares, which has been superposed upon the preparation 
by the focussing of the condenser, are conjointly depicted on a single 
inset figure. 

(2) Alttrnaiive •procedure.. 

This again involves three separate operations : — 

(1) In the first, as in the ordinary procedure, the micro- 
scopic object upon which the condenser is to be focussed ia 
brought into view under a low-power objective. 

Here the microscopic object must consist of highly refractive 
elements, mounted in a medium of low refractive index. A 
filament made by drawing out a piece of glass in the flame, 
or, better, a floccule of glass wool, furnishes an ideal object 
for the purpose when mounted in air or water. 

(2) In a second operation, provision is made for the identi- 
fication of the rays which come into focus from the peripheral 
zone of the condenser. The identification of these rays can be 
effected either {a) by obtruding, by a central spot*stop, all the 
central area of the condenser while leaving the peripheral zone 
of the condenser unobtruded ; or {b) by employing in the sub- 
stage a parti-coloured stop, which transmits light of one parti- 
cular colour to the central part of the condenser, and light ol 
another colour to the peripheral part of the condenser. 

(3) In a third operation the condenser is racked up and 
down until the highly refractive objects are seen outlined by 
bright outlines on a dark field or, as the case may be, by 
light of one colour on a field of another colour. 

Experiment i. Place upon the stage of the microscope a blank 
slide and focus down upon it its upper surface with a low-power objec- 
tive, and focus the condenser upon this optical plane. 
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Now throw open the aubatage diaphragm to its fullest extent, and 
introduce into it a central spot stop of such dimensions as to cut out 
from the centre of the wide cone of light which comes off from the radiant 
points on the microscope stage all those rays which before entered the 
aperture of the objective. 

In conformity with the fact that the whole of the light which before 
radiated from the stage into the aperture of the objective is now cut off, 
the field of the microscope will now tie dark. 

Now place ujwn the surface of tlie sUde some filaments of glass wool, 
mounting thes? in water under a cover glass. The hlanients will now, as 
explained in Cap. II, refract and reflect the light which impinges 
ujwn them, directing it upwards in such a manner as to enter the 
aperture of the objective. 

In consequence of this the filaments will now appear in the field of 
the microscope outlined by bright outlines upon a dark field (cf. Fig. 
7o, with Fig. 5). 

Now rack down ttie condenj^er so as to bring down itw image plane 
below the level of the microacoiie stage. Ln association with this the 
bright outlines will be extinguished. 

A consideration of Fig. 73 will siiow that tiie oblique rays which derive 
from the focal points' upon the terminal plane of the condenser 
vista will now ^v> wide and will no longer strike upon the glass filaments. 

Experiment 2. Substitute for the central spot stop a parti- 
coloured stop, such as is shown in Plate I, Fig. E, 3, and go through 
exactly the same procedure. 

Note that [a) where the condenser is in focus and the glass filaments are 
on the stage of the microscope, these are outlined with red upon a field of 
blue (Plate II, m), (i), where the condenser is in focus and the object is. 
remo%'ed, the field is of a uniform blue, {c) where tiie condenser is thrown 
out of focus and the filaments are on the field, these last are delineated 
by dark outlines on a field of blue (Plate 11, A'), 

A comparison of Plate XI, Fig. I , inith Fig. 2 on the same plate, will make 
clear that the extinction of the red outlines is associated with the fact 
that the rtd rays which here come off at a considerable angle to the 
optical axis fail in the case where the condenser is racked down tn impinge 
upon the glass filaments. 



5. Supplementary points in connexion with the focussing of the 
condenser. 

The foUowing supplementary points in connexion with the 
focussing of the condenser deserv^e attention r — 

(1) WTaen once the condenser has been focussed, the external 
object — let us say, the window bar — which has subserved the 
purposes of focussing, may with adyantage be throwft out of 
the field of view by rotating the mirror upon its axis. In the 
ease where the microscopic preparation is to be examined under 
a high power, it will suffice if the image of the external object 

N 



178 PRINCIPLES OF MICROSCOPY 

b© moved out of the centre of the field of the lower power 
objective. 

(2) If through ixiadvertence the concave, in lieu of the plane 
face of the miiror, has been employed in the focussing pro- 
cedure described above, it will in most cases be impossible to 
bring the light from a distant light-source to focus on the 
microscopic preparation. In such a case — as ia shown in Fig, 69 
— the beams wiU have been rendered convergent by the mirror 
before they fall upon the condenser, and will, in consequence, 
come to focus on a plane below that upon which the micro- 
scopic object is disposed. 

(3) Owing to the short working distance of the substage 
condenser, similar difficulties will be experienced even with 
the plane mirror in the case where the microscopic prepara- 
tion is mounted on too thick a dide. 

(4) Owing to the circumstance that the focussing of the 
condenser is in reality an adjustment of the height of the 
condenser to the thickness of the elide upon which the parti- 
cular microscopic preparation is mountCfd, it will be necessary 
to focus the condenser anew every time that a preparation 
mounted on a thicker or thinner slide is substituted for the one 
already under the microscope. It follows from the same con- 
sideration that the aubstitution of a high for a low objective, 
or vice versa, does not entail re-focussing of the condenser. 

Experiment i. Placing any ordinary microscopic preparation on 
the stage of the microscope, carry out the orclinHn,' procedure for focussing 
the condenser as descri bed above, varying it only by employing the concave 
in lieu of the plane ndrror. It will be found that in the caae where the 
microscopic preparation is disposed on a slide of ordinary thickness the 
image of the distant light source, or external object which has subserved 
the focussing operation, will, even in the case where tlie upper face 
of the condenser is in contact with the lower surface of the microscopic 
slide, be formed below the plane upon which the object ia disposed. 
It will generally be formed within the glass slide. 

Experiment 2. Having verified that the difficulty which inter- 
feres with the focussing of the condenser disappears on reverting to the 
plane mirror, interpose now a slide of ordinary thickness between the 
upper face of the condenser and the slide which carries the microscopical 
preparation. Note that it ia no longer possible to bring the condenser 
to focus on the microscopic object. This difficulty arises in actual 
practice in the case where the microscopic ob|ect is mounted on too 
thick a glass elide. 

Experiment 3. Focussing the condenser on any ordinary micro- 
scopical preparation and keeiping tlie image of the ejttemal object which 
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has subserved the focussing operations ia the centre of the field, replace 
the lower-power objective which has been employed in the focussing 
opemtiotia by a high-power objective. Note, on focussing down 
wlV.i thi-? on the preparation, that the Image of the external object 
still continnea in view. Now reverting to the lower-power objective. 
eubijtitute or replace the first microscopic preparation by another 
inouDted on a slide of different thickness. On adjusting the focus of the 
microscope so as to bring this new microscopic preparation into view, it 
will be found tliat the image of the external object has been lost sight of. 

6. Centring adjustment of the substage condenser. 

In the higher class microscopes — more particularly in those of 
English make — the substage condenser is fitted with centring 
screws, which allow of the condenser being properly centred. In 
continental microscopes a substitute for the centring of the eon- 
denser is provided in the form of a centring arrangement attached 
to the substage diaphragm. 

7. Purpose of the centring adjustment of the condenser, and method 
of centring. 

We shall see in Cap, XV, suhstci. 2, that, whenever beams traver- 
sing the aperture of a lens obliquely are cut down by the edges of that 
aperture, the effect upon the picture is exactly the same as where 
the beams pass through an aperture which has been stopped down 
in an unsymmetrical manner. We obtain in each case an unsym- 
metrical antipoint which may interfere with resolution. This un- 
symmetrical cutting down of the lieams in the aperture will obviously 
be at a minimum where the axis of coUimation of the condenser is 
brought into line with the axis of coUimation of the objective. This 
Is the operation which is technically known as the centring of the 
condenser. 

The axis of coUimation of the condenser will be in line with the 
axis of coUimation of the microscope when a narrow beam, sent 
through the centre of the condenser, passes up through the centre 
of the objective, to emerge through the centre of the upper end of 
the barrel of the microscope. The actual operation of centring 
involves the following steps : (a) The closing down of the .sub- 
stage diaphragm till it forms a pin-point aperture directly under 
the centre of the condenser. (6) The projection of a beam of light 
through the pin-point opening in the substage diaphragm and 
through the centre of the substage condenser, (c) The displacement 
of the condenser in the horizontal plane (by centring screws or 
otherwise) until the position is found at which the l>eam which 
traverses the centre of the condenser traverses the centre of the 
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aperture of the objective, (d) The fitting into the barrel of the 
microscope tube of a " centring cap," i.e. a cap provided with a 
pin*hole opening, which falls in the exact centre of the microscope 
tube, (e) The further displacement of the condenser until the point 
ia found at which the beam which traverses the centre of the con- 
denser and the centre of the objective is trani?mitted through the 
aperture in the centring cap to the observer's eye. 

Procedure. Fit to the microscope tube the objective you propose to 
use, stop down the eubsta^e diaphragm to its narrowest limits, and 
project the Hght from the window by means of the mirror upon the lower 
face of the condenser. 

Bring into view tlie back of the objective, either by examining througli 
a pocket lens the Rariisden disc of the eye lens, or by removing the 
ocular and looking down directly on to the back of the objective. If 
now the condenser is in alHneation with the objective, the l>eam which 
emerges from the back of the objective will be positioned as in Plate X, 
Fig. 3, B, In the case where the condenser is out of centre, the appear- 
ances wU! be as in Plate X, Fig. 3, C 

In this latter case adjust the position of the condenser by means of 
the centring screws — or, in the case of the con- 
tinental type of microscope, adjust the position 
of the substage diaphragm by means of ita 
centring adjustment — until the beam which 
emerges from the back of the objective is trans- 
ferred from the exoentric pcw^ition which it occu- 
pies in Plate X. Fig. 3, C. to the central position 
wliich it occupies in Plate X, Fig. 3, B. 

Xow— if this lias not 1>een previt usly done- 
remove the ocular, and substitute for it the cen- 
tring cap (Fig. 79). 
Having placed the eye beliind the pin-point aperture in this cap 
further readjust the position of the condenser by means of the centring 
screws until the beam of light is transmitted to the eye. 

8. Method of employing the condenser as an immersion system. 

In the case where we desire to fill in the aperture of an oil 
immersion objective by a beam of large N.A., and in the case 
where we desire to project upon the specimen on the stage of the 
microscope very oblique rays, the condenser must be employed as 
an immersion system. 

The condenser is immersed by placing a large drop of cedar oil 
(or, as the case may be, of water) upon it^i upper face, another 
similar drop upon the lower surface of the slide, and then bringing 
the two drops in contact by replacing the slide upon the micro- 
scopical stage and rack'ng up the condenser until the intervening 
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layer of air is expelled by the running together of the drops of oil- 

In the caao where it is desired to immerse the condenser without disturb- 
ing the object under the microscope, the cedar oil cfln be carried down by 
meang, of a capillary pipette through the aperture in the stage to the upper 
face of the condenser. 

9. Optical properties of the condenser. 

We have to consider under this heading the focal length of the 
condenser ; further, its numerical aperture and its corrections. 

10. Foca^l length. 

The focal length of the condenser is chosen by the maker in 
fluch a manner as to bring the light to focus under the largest 
poBsibJe angle upon an object disposed upon a slide of ordinary 
thickness. In actual practice a focal length of 8 to 14 mm. — giving 
a working distance of 2 to 3 mm. for the thickness of the slide — 
is adopted. 

Measurement of tke foetal hvgth of the condenser. — Where it is 
desired to determine the focal length of the condenser, this may 
conveniently be deduced from the scale of the image. 

We may, on the one hand, place an object of known size in a 
distant window and mea.'iure by means of a rule the distance 
between microscope and window, and by means of a stage micro- 
meter the dimensions of the minified image of the object which is 
furnished by the condenser. The minification of the image will in 
such a case correspond to the ratio which the interval between 
window and microscope bears to the focal length of the condenser. 

Or, alternatively, we may mea,i3ure by means of the eikono- 
meter the scale of the image which is furnished by the condenser 
when working at its principal focal distance. The procedure would 
be as follows ; — 

Procedure. Dismount the condenser, invert it, and look through it at 
a millimetre sca!e, increasing the distance between the condenaer end 
scale until the point is arrived at where tliis can no longer be done without 
prejudice to the image. Now place the eikonometer on the surface of the 
condenser, and read off the number of divisions of its scale covered by 
the image of each millimeter division of the rule. The mmiber so arrived 
at, divided into 2.5() mm., gives the focal length of the condenser. 

11. Numerical aperture of the condenser. 

The numerical aperture of the condenser corresponds to the 
numerical aperture of the beam which emerges from the condenser 
in the case where the substage diaphragm is fully open, and where 
no optical obstacle prevents the emergence of the complete beam 
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from the upper face of the condenser. The optical obstacle which 
comes into consideration here is that coastituted by a stratum of 
air in contact with the upper face of the condenser. WTaere such 
an air stratum overlies the condenser, every ray which impingea 
upon that stratum at an angle of 42* is deflected so as to run parallel 
to the surface of the condenser, and every ray which impinges at an 

angle greater than this (the critical 
angle) is turned back by total 
reflection, 
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In accordance with the fact 
that the critical angle is reached 
as Boon as the divergence angle of 

the emergent beam reaches 90^ 

and ita full angular aperture 
reachea 180', the numerical aper- 
ture of a beam delivered through 
air cannot exceed L 
Beams of larger numerical aperture are delivered from the 
condenser only in the case where an immersion fluid is employed. 

Experiment. Employing a condenser tt'hose n.a. (ascertained 
as in subject. 12, infra), exceeds 1, focus it upon any convenient 
microscopic preparation. 

Then substitute for the low-power objective an oil -immersion 
objective possessing a N.A. equivalent to that of the condenser, and 
focus down with this upon the specimen. 

Bring into view now the back of the objective by scrutinizing the 
Ramsden disc of the eye lens by the aid of a pocket lens. It will be seen 
that the back of the objective is only partially filled in with the beams 
which proceed from the microscope stage. Now rack down the condenser 
and place, by the aid of a capillary pijjette carried down through the 
aperture in the microscojie stage, a drop of cedar oil upon the upper face 
of the condenser. This done, rack up the condenser again into place, and 
verify by scrutiny of the Ramaden disc of the eye lena that the back of 
the objective is now fully filled in or more fully filled in. Tliie is the result 
of the delix'ery from the condenser of a beam of larger numerical aperture. 

12. Measurement of the numerical aperture of the condenser. 

The most convenient method of measuring the n.a. of the con- 
denser is a method which ia baaed upon the consideration that, in 
the case of two-lens systems which are furnishing a catena of vistaa, 
the numerical aperture of the opening angle of the succeeding vista, 
in the case where the l)eam i.s passing from the one*lenB system into 
the other without mutilation, corresponds exactly with the numerical 
aperture of the closing limb of the preceding vista. 
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Procedure. Placing any convenient microscopic object upon the 
stage, focus the condenser upon the preparation and open the eubstage 
diaphragm t*) its fullest extent, and eliminate tlie ohatmcting stratum 
of air by filling in with cedar oil the interspace between the upper face 
of the condenaer and the lower faee of the slide. '* 

Then fit to the microiscope tube an oil-itnniersion objective which 
poageaaea a very high numerical aperture and focus down with this upon 
the image plane of the condenaer. 

Examine now with a pocket lens the image of the back of the 
oTjjective which is furnished at the Ramsdeu disc^ of the eye lens, and 
determine the dimensiona of the illuminated area upon a scale disposed 
in the optical plane of the Ranisden dis^. 

Multiply thia measurement by a number corresponding to the magni- 
fying power of the ocular (tnile infra,siibsecA5),Sind having obtained in thia 
way the dimensions of the Ramsden disc? of the objective, divide by two 
to obtain its semi-diameter and again by the focal lengtli of the ob- 
jective. The numerical aperture of the opening limb of the objective 
vista which is thus arrived ftt corresponds to the numerical aperture of 
the condenaer. 



Example. A convenient example of the 
working of tliei inetliod ia obtained by taking 
tlie hypothetical case which is presented in Fig, 
ril. We have here a case where the condenser 
vista ii4 concatenated witli the objective viata, 
and where the beam from the condenser paaaea 
without mutilation into the objective, ooropletely 
fUHiig bi its aperture. 

The semi-dia meter of the objective in the 
figure will be found to nieaaiu'e approximately 
13 mm. ; and the fooal length of tlie objective 
(measured between the pole of origin of the 
beam on the microftcojM? stage nnd the edge of 
the lens) 15 mm. The medimn in whicli that 
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Tlie actual dliii<>iuiion» ct tint 
flgtire fts lipp? fepfinJtiMil wl!l l« 
f'Aioii tr) l)f In Bnch rjum a ISttln 

locBi length IS measured us oil posseasinga refrac- tnmiier tli»nttio«« tetduirti la tbv 
tive index of 15. *"*" 



In accordance with these data, the IT.A. of the beam which enters tlio 

, , . 12 X 1-5 
objective would be -— = 1-2. 

The n.a. of the condenaer will accordingly be 1-2 also. 
Verification. The semi-diameter of the condenaer in the figure meaaurea 
20 mm. ; tlie focal length ia 25 nmi. The refractive index of the medium 
in wtiicli the focal length is measured is I-S. 

20 X 1-5 
-25- -^-2 

13. Method of obtalnitig from the Abbe condenser a wider tieam than 
that which corresponds to Its numerical aperture. 

We have aeen that the n.a, of the condenser corresponds to 
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the n.a. of the beam which it brings to focus in the case where 
all obstructions have been removed. 

We have now to realize that in the eaa© where we have an 
extended light source, there may be found, upon an optical plane 
lying below the optical plane upon which the light source h brought 
to fociia by the condenser, a system of radiant points, which receive 
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r, F, F, FOCAL POINTS POBITIOJTKD 
ABOVE THE OPTICAL PLASE UPON 
WHICH THE OBJECTIVE IS FOCUS8ED; 
R3> l^ODAL RADIANT POINTS FROH 
WHICH UGHT RAtlATES INTO TttE 
OBJECTIVE. 
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FR, FR, VA, YOfUI, ItAJ>UJ(T 1-OIS7S 
TROU WHICH LIOHT RADIATES U(TO 
THE OEJCCTtVE. 



and emit light under a larger angle than the actual focal points of 
the system. 

The radiant points here referred to are in Fig. 82 above 
denoted by the letters R, R, the focal pointa being denoted by the 
letters F, F, F. The figure, which may with advantage be compared 
with Fig. 83, makes plain to the eye that, where the condenser 
IB racked up so as to give a focu^aed image of an extended 
light source upon a plane superfieial to that occupied by the 
microscope preparation, we have disposed in the optical plane 
occupied by this last a system of radiant points which receive 
and emit in each case a beam of larger numerical aperture than 
that of the condenser. 

Experiment. Fit to the microscope tube a low-power ocular and 
an objective of moderate fcwal length, such as a one-third or one-fourth 
inch, and focus upon the upper surface of a blank microscopic slide. 

Employing an extended ligfit sourc<?, now focus the condenser upon 
this optical plane. Then bring into view the posterior surface of the 
objective and cut down the beam by i^butting down the substage 
diaphragm. 
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Now rack the condenser up in such a maimer as to bring the image 
of the light source into an optica! plane superficial to the plwie upon 
wliicb the objective ia focusaed. 

Note, as you rack up the condenser beyond its focus, that the dia- 
meter of the ilhiminated area at the back of the objective expands. 

14. Corrections of the condenser, and question ot the relallve advan- 
tages of the " Abfce " and " achromatic " condenser. 

Two type3 of condenser are fitted to microscopes. 

In the one, width of numerical aperture 13 sought at the expense 
of accurate correction. In the other, the optician makes it an 
object of endeavour to furnish the largest possible aplanatic cone. 

The well-known Abbe conden-^er conforms to the former type; 
the achromatic condensers, which are employed by many English 
niicroecopiats, to the latter type. These English workers have 
hotly contended that the more expensive achromatic condenser 
posse,9se3 many advantages over the Abbe condenser. To the present 
writer the question presents itself in the following light :- — 

{a) The function of the condenser is not that of furnishiiig a 
perfectly corrected image of the light source, but rather that of 
furnishing on the stage of the microscope such radiant points as 
may be required for the development of the appropriate stage 
picture and for the proper representation of the stage picture in the 
microscopic image. 

(6) Provided that the system of radiant points which is required 
for the development of each type of stage-picture and for the 
proper representation of the picture in the microscopic image is 
duly furnished, it is a matter of indifference whether it is placed 
at the disposal of the microscopist in the focal points of a corrected 
condenser or in the nodal points formed by the intersection of rays 
derived from different points in the light source. 

If the contentions (a) and (&) are accepted, and if it can be 
shown that we have at di-sposal in the nodal points which are 
furnished by the Abbe condenjser luminous points which radiate 
light indistinguishable in colour from that of the original hght 
source under an angle which is as great or greater than that 
at which light is emitted from the focal points of the achromatic 
■condenser, then the uncorrected condenser vn\l he justified. Again, 
the Abbe condenser will be justified if it can be shown that 
under the conditions of ordinary microscopic work the sj^^tem 
of radiant points which is furnished upon the stage by the 
achromatic condenser will not be very appreciably different from 
those furnished by the Abbe condenser. 
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Both the above points can be established : — 

In connexion with the first the reader will appreciate on turning 
to Plate XTII that where the blue and red ra^ys of an uncorrected 
lens systcim cross we have developed in each case a radiant point 
which emits light of the same character a^ that furnished by the 
original radiant source. This automatic colour correction is in 
point of fact very complete, and faik only where, as in Experiment 
1 below, a bar of shadow Liea across a field. As in the case of the 
chromatic aberration, so also in the matter of the cutting down of 
the beam which results from the uncorrected splierical aberration, 
automatic correction is obtained in the Abbe condenser. W'e have 
to take into consideration here not the case of an isolated beam coming 
to focus, as in Fig. 38, A, in the form of a caustic, and furnishing 
at the focal point of the central rays a beam of diminished n.a. ; but 
have instead to consider the case where a number of beams derived 
from an extended light source are brought to focus side by aide. 
Here the narrow beams derived from the more remote focal points, 
{vide. Fig. 38, A) will be supplemented and widened out in each case 
by oblique rays from the foci of thedeUniiting rays of the adjoining 
caustics. And as a result there will be furnished by the incom- 
pletely corrected condenser upon the stage of the microscope 
luminous points which will radiate light under an angle not lesa 
than that under which light would be radiated by the focal points 
of an achromatic system of the same numerical aperture. 

In connection with the suggestion made above that in the case 
where an achromatic aplanatic condenser is fitted to a microscope, 
the conditions of ordinary microscopic work may very often be such 
as to interfere with the development of properly corrected foco- 
radial points in the microscopic preparation, the following must Le 
taken into consideration : — 

(1) While a condenser which is designed to give a correct, 
image in air cannot give a corrected image in oil, or vice versa, 
it ii almost essential that one and the same condenser should, 
in the course of microscopic work, be employed, as occasion 
arises, at one time as a dry system and at another time as an 
immersion system. 

(2) The corrections of a condemer which is constructed so 
as to give a corrected image in air will, as will appear below, 
be thrown out of adjustment when a highly refracting element 
such as a microscoi>e sUde is interposed between the condenser 
and its image plane. 
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15. Method of Ui&tmg the corrections of the condenser. 

In testing the corrections of the condenser, we must take into 
consideration the circumstance that the corrections of any lens 
sjAtem are thrown out where the beams pass to their focus through 
variable thicknesses of media of different refractive index, and, in 
particular, that the corrections of the condenser will, as shown 
subsect. 18, infra), be throwTi out when the beams pass, as they do 
in the ordinary ease, first through air and then through a variable 
thickness of glass slide. 

The following experiments are designed so as to avoid, ao far 
as possible, these sources of error in testing the corrections of the 
condenser ; — 

Experiment i. Throwing open tlie Bubatage diaphragm to its 
fullest extent, rack up the condenser until the image of the window 
bar or other suitable external object is brought to ftx-us on the 
microscope stage, or somewhere in tlie neighbourhood of it. Focus 
down upon this image with a low»power objective. Note that 
coloured fringes are developed along the edge.'* of the bar in the case 
where the corrections of the conde:.j&er are imperfect. (Flate 11, a, and 
Plate III, d.) 

Close down the diaphragm and note the improvement which is 
Lchieved in the image. 

Experiment 2. Place a shest of blue glass under the fully open 
aubstage diaphragm and focus the image of the window as in the last 
eiperiraent upon the plane of the microscope stage. Bring this image 
mto view under a low-power objective. 

This done, withdraw the blue glass and substitute for it a sheet of 
ruby glass. 

Note that the image of the window bar in the case where an un- 
corrected condenser is employed practically disappears from view. 
Note also tliat it can be recovered on racking down the condenser or, 
alternatively, on racking back the barrel of the microscope. 

Close down the subatage diaphragm and note that the substitution 
of the red- for the blue-light filter, or vice versa, has a much leas con- 
spicuous effect. 

Experiment 3. Inscribe with a glass-ruling pencil a system of 
ruled squares on the window pane, focus the image of squares upon 
the optical plane of the microscope stage, and bring it into view under a 
low-power objective. Where an uncorrected condenser is employed 
it Tuill be found that the diameter of the central squares exceeds the 
diameter of the squares which occupy the more outlying portions of the 
field. 

Experiment 4. Employing the illuminating apparatus described 
in Cap, XV project upon the stage of the microscope a focussed pictm-e 
of the restricted aperture which functions as the source of light, and 
focus down upon it with a low-power objective. Note that in the case 
where the condenser is uncorrected the bright image of the illuminating 
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aperture is surrounded witli a wider, leas brilliantly illuminated 
area, whicli fades out when the aubatage diaphragm is shut down. Thii 
encircling aimulu's of light repreaenta the out-of-focua picture which 
derives from the peripheral parts of the condenser. 

16. Slide and cover glass and media Interposed between condenser 
and objective. 

The slide, cover glass and the media which are int'erposed 
between the condenser and objective have to be considered from 
a twofold point of view. They may influence the microscopic 
image in particular : — 

(o) By limiting the numerical aperture of the transmitted beam ; 
and 

(b) By altering the configuration of the beam in the condenser 
and objective vistas respectively, and thus affecting the corrections. 

17. Influence exerted upon the numerical aperture of the transmitted 
beam by the optical media, interposed between condenser and objective. 

It will conduce to the simplification of the following discussion 
if we here leave out of consideration the microscopic object, and 
assume that we have in each case, upon the stage of the micro- 
scope, only a slide and cover glft,sa, and between these a medium like 
Canada balsam, possessing a refractive index equal to that of glass. 

Four eases present themselves for consideration : — 

(1) In the first, illustrated in Fig. 84, the condenser and 
objective are both working through air. and are both focussed 
upon the upper surface of the slide, Here the light, -which ia 
on passage from condenser to objective, impinges in succession 
upon four refracting and reflecting surfaces. 

It impinges, first, upon the stratum of air which intervenes 
between the face of the condenser and the slide. The rays, which 
impinge upon this at an angle greater than the critical angle for 
glass and air (42' ), are reflected back by total reflection. The less 
oblique components of the beam escape from the conden.ser under- 
going refraction and ordinary partial reflection, as shown in the 
diagram in connexion with the central rays of the system. 

These aame rays are again reflected and refracted where they 
enter the sUde. 

They midergo refraction and reflection for the third time where] 
they emerge from the upper surface of the cover glass. 

Finally, they are refracted and reflected where they enter tho 
objective. 

(2) The next case which has to be considered is the eaae 
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where the condenser is working through air and the objective 
is immersed. In this case the last two of the four refracting 
and reflecting sxirfaces which came into consideration above 
are abolished, and the rays follow the aimpler courae delineated 
in Fig. 85. 

In this, a9 in the last case, the numerical aperture of the beam, 
which is furnished by the condenser to the objective, is limited 
by the total reflection of those components of the beam which 
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impinge at an angle (42°) larger than the critical angle upon the 
stratum of air %i'hich intervenes between the face of the condenser 
and the slide. 

(3) Where the condenser ia immersed and the objective is 
working through air. the N.A. of the beam which enters the 
objective is limited (as shown in Fig. 86) by total reflection of 
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those components of the beam which impinge at an angle 
greater than the critical angle for glass and air upon the layer 
of air which overlies the cover glass. 
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(4) Finally, where, as in Fig, 87, both condenser and 
objective are immersed, the whole beam passes unmutilated 
and undeflected from condenser to objective, and the numerical 
aperture of the beam, which comes to foeuH in the microscopic 
preparation and which passes thence to the objective, corre- 
sponds to the full numerical aperture of the condenser. 
IS. Distortion of the configuration of the closing limb of (he con- 
denser vista and the opening limb of the objective vista by the slide and 
cover glass and mount! ng^ medium. 

In the case where the condenser and objective are both working 
through air, and are both focussed upon a microscopical object, 
mounted between a slide and cover glass in a medium possessing a 
lower refractive index than glass, the slide constitutes an active 
optical element in the clodng limb of the condenser vista, and the 
cover glass, an active optical element in the opening limb of the 
objective vieta, and each of these optical elements changes the 
configuration of the transmittesd beam. 

In the case where the microscopic object is mounted in a medium, 
such as Canada balsam, which possesses a refractive index equal to 
that of glass, while the objective and the condenser are, as before, 
working through air, the slide and cover glass fall out of considera- 
tion as optical eletnents, and there comes into account only the 
aggregate thickness of the stratum of highly refracting medium 
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{j^jBiSB supplemented by Canada balsam), which underlies or, as the 
case may be, overlies the microscopic object. 

19. Distortion of the closing limb of the condenser vista by the 
interposition of the slide in the case where the microscopic object fs 
mounted in air and the condenser is unimmersed. 

It will be seen in Fig. H8 that the closing limb of the vista, 
which would, in the absence of the elide (assuming the condenser 
to give a corrected image in air), have converged upon a single 
terminal pole, is here, by the agency of the slide, distorted in such 
a manner as to come to focus upon a succession of focal points 
(represented in the diagram by the points F', F" and F'"). It is 
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to be noted with respect to the focal points in question : (a) that 
they lie in each case farther from the condenser than the focus of the 
undistorted beam ; further, (b) that they he vertically one above 
the other, the focal point for the delimiting rays of the beam being 
in each case more remote from the condenser than the focal points 
for the less obUque components of the beam. 

On referring back to Cap. VIII, and on comparing Fig. S8, 
which exhibits the spherical aberration as it occurs in connexion 
with an uncorrected lens, with the figure now before us, it will 
be seen that the conditions are exactly reversed,— the delimiting 
rays of the beam being here brought to a more remote focus (F'"), 
instead of to a nearer focus, while the more internal rays are here 
brought to nearer foci (F" and F') instead of as there to a more 
r.^mote focus. It follows that the slide will operate in the direction 
of correcting spherical aberration in the under-CDrrectsd condenser 
and of over-correcting such aberration in the case where the con 
denser is designed to furnish a corrected image in air. 

20. Distortion of the opening limb of the objective vUta by the int&r> 
position of the cover glass, in the case where the microscopic object Is 
mounted in air and the objective is unimmersed. 

It will be seen in Fig. 
89, A and B, that a beam , 
taking origin in air from 
any radiant point R on 

A W///////////////^m7//M/////y'^^ «tage of the micro- 

scope, IS, by refraction 
in the cover glass, broken 
up into a composite of 
beams, such as would be 
^ obtained from a series of 
^ radiant points R', and R" 
positioned nearer to the 



ir-- 



T"- 



y//////////////////J((/////^^^^^ Objective than the point 

Fio. 8fl. R, and disposed vertically 

one over the other in such a manner that the point of origin of 

the delimiting rays of the beam lies above the point of origin of the 

less obUque components of the beam. 

On referring again to Fig. 38, A, it will be recognized that the 
distortion of the opening limb of the vista which is here involved 
k the exaot reverse of the distortion in the closing limb of the 
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vista which ia produced by spherical aberration in the case where 
an uncorrected lens system is employed. 

Further, a comparison of Fig. 89, A and B, will bring out clearly 
that the distortion of the opening limb of the vista by the cover 
glass will increaae pari paesu with the thickness of the cover glass. 

The importance of the thickness of the cover glass in connexion 
with the correction of a residuum of spherical aberration in the 
objective, and the achievement of a critical image, will come up 
for consideration again in Cap. XV. 

Experiment 1. Rack up the condenser as far BBit will go, so as to 
bring the image of the window whicli is formed by the oondenser to foeus 
in an optical plane I>ing guperfieially to the microscope stage. This 
done, focua down upon the picture with a low-power objective. 

Now introduce a slide between the face of the condenser and the 
optical plane upon which tlie image of the window is focusaed. Note 
that the picture now disappears from view and that it can be recovered 
by racking back the microscope tube or, alternatively, by racking down 
the condenser. 

Experiment z. Introduce a slide between the objective and 
the optical plane upon which the image of the wmdow is focusaed. 
Note that again the picture will be lost to view. It will again be 
recovered by racking back the objective or, alteruatively, by racking 
down the condenser, 

21. The objective. 

It is the function of the objective, employed in combination 
with the field lens of the ocular, to bring to focus in the principal 
focal plane of the eye lens the beaius which radiate from the 
microscopic object disposed upon the stage of the micrascope. 

The projection of the magnified image upon the focal plane of 
the eye lena is achieved when, by the adjustment of the position 
of the microscope tube, the microscopic object has come to occupy 
an optical plane lying somewhat beyond the principal focus of the 
objective combination. 

22. Classifleation into dry and [mmerslon objectives, and advantages 
of the latter In the case where highly magnifying systems are employed. 

Objectives are classified as dry and immoriiion lenses resj>ectivcly, 
according as air, or a medium of greater refractive index than air, 
is to be interposed between the cover glass and the anterior surface 
of the lens combination. 

Where the medium of greater refractive index just referred to 
is water, the objective is spoken of as a u-ater immersion ; where 
the interposed medium is cedar oil, possessing the same refractive 
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index as glass, the objective is spoken of as an oil immersion or a 
homogeneous iitunersion system. 

The advantages gained by the substitution of oil immersion for 
dry lenses are the following : — 

(1) The numerical aperture of the I>eam which is admitted 
to the objective is not, in the case of the oil immersion, as it 
ia in the case of the dry lens, limited by total reflection from 
the stratum of air which is interposed between the cover glass 
and the face of the objective {vide anbsecl, 17, supra, and cf. 
Figs. 86 and 87). 

(2) There is no losa of light by the partial reflection of the 
transmitted rays (cf. Figs. So and 87, with Figs, 84 and 86). 

(3) In the case of the oil immersion, a longer working dis- 
tance between the object and the face of the objective is 
achieved (cf. Figs. 85 and 87, with Figs. 84 and 86 ; also 

refer to Fig, 27, Cap. VII). 

(4) The corrections of the objective are not (as in the case 
of dry lenses generally, and, in particular, of high-power dry 
lenses) disturbed by the omission of the cover glass, or by 
the employment of a cover glass of unsuitable thickness, or 
by the employment, in the mounting of the object, of a layer 
of balsam of unsuitable thickness. 

23. Method of emplo^'ing an o!l-iinmersioii objective. 

To employ an oil-immersion objective, place a drop of the cedar- 
wood oil specially furnished for the purpose by the optician, on 
the microscopical object, or, as the case may be, upon the surface 
of the cover glass with which the object is covered in. Focus down 
with the coarse adjuatment until the face of the objective dips into 
the oU, Then, placing the eye at the eye-lens of the microscope, 
focus down with the fine adjustment until the object comes into view. 

Where difficulty is experienced in bringing the object into view 
under an oil-immersion lens, this is generally due : — 

(a) To an accidental inversion of the microscopic slide and the 
consequent interposition of the whole thickness of the slide between 
the microscopic object and the face of the objective. 

(&) To the employment of too thick a cover glass. 

(c) To stickiness of the face of the objective or of the face of 
the slide, and consequent adhesion between these faces, 

(rf) To the intrusion of a bubble of air between the face of the 
lens and the microscopic preparation. 

o 
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This last is the commonest source of difficulty. It is due to 
the engagement of bubbles of air in the viscid cedar oil. 

The intrusion of such bubbles can in every case be readily detected by 
eKamining with a pocket lens the inittge of the objective aperture which is 
furru&hedat a short didtaneo below the Kamsden disc of the eye lens. 

24. Focussing of the objective. 
In all but the simplest microscopes a raclt-and-pinion adjustment 

is provided for the rough focussing of the objective, and a fine 
focussing arrangement for its more accurate adjustment. 

The importance of the fine focussing adjustment cannot be too 
strongly emphasized. In point of fact, success or failure in the 
detection of fine objects under the microscope depends more than 
upon anything else upon the realization of the fact that the micro- 
scopic object is reproduced in the image, not upon & single optical 
plane, but upon a whole series of optical planes. 

The microscopic image has been compared to an extremely thin 
optical section of the microscopic preparation. In point of fact, 
it might more aptly be compared to a whole succession of super- 
imposed aerial sections, of which only a single one is in view with 
any particular adjustment of the focus. 

It follows that a search through a microscopical preparation, 
or through a particular field of the microscope, conducted apart 
from recourse to the fine adjustment, is a search limited to that 
one of the aeries of serial sections which happens with one particular 
adjustment of the focus to lie in the diaphragm of the eyepiece. 

A failure to recognize this, displayed by a refusal to use the 
fine adjustment in the case of & specimen displayed under a high- 
power objective, and an insistence that the particular focus at which 
he finds the microscope " exactly suits his sight," is thus the stigmt 
of the layman or the tyro. 

Immediate and constant i^ecourse to the fine adjustment be- 
tokens, on the other hand, practical familiarity with that shallow- 
ness of focus which is the correlative of the fine resolution in depth 
obtained in highly magnified images and, in particular, in magnified 
images furnished by wide-angle objectives. 

25. Centrhif of the objective. 

We have spoken above of the centring of the condenser. In 
undertaking that procedure it was tacitly assumed that the objective 
was in every case duly centred 'upon the microscope tube. 

In point of fact, there is often some inaccuracy in this respect. 
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and this may be conspicuously aggravated in the case where a badly 
centred nosepiece is employed. 

Inaccuracy of centring shows itself in the fact that a microscopic 
element which occupies a particular position- — such as the centre 
of the field — ^when viewed under one objective occupiea, as seen 
through another objective, a different position, or possibly falla, in 
the case of a higher power objective, altogether outside the field 
of view. 

Inaccuracy in the centring in the case of objectives shows itself 
also in the fact that the centring of the condenser requires readjust- 
ment when one objective is substituted for another. 

Unless in the case where Zeiss' sliding objective changers {vide 
infra, anbsect. 41) are employed, the rectification of the centring 
can only be carried out by the optician. 

26. Optical properties of the objective. 

In connexion with the objective, we have to consider : (a) the 
focal length ; (6) the numerical aperture ; and (c) the figuring 
and the corrections of the lens system. The focal length deter- 
mines the magnifying power, the two factors last mentioned the 
quality of the image. 

27. Focal length and magnifying power of the objective. 

The microscopic objectives which are employed in ordinary 
work range in focal length between j!^ inch (I -5 mm.) and 1 inch 
{25 mm.). We may express their magnifying power on one or 
other of two alternative systems. Both these systemSj be it noted, 
are confessedly artificial systems. 

(1) We may ascribe to the objective a magnifying power 
corresponding to the magnification which is achieved in the 
objective vista. 

The adoption of this system involves us in two complica- 
tions : 

{a) It involves the ascription of a different magnifying power to the 
objective according as it is employed 'with a longer or shorter micro- 
scopic tube ; (6) it involves the ascription of a tliffercnt magnifying 
power to the objective, according aa it is employed \\4th this or that 
ocular — combining it, a« the case may be, with a stronger, weaker, or & 
dKTefently positioned field lens. 

(2) We may ascribe to the objective the magnifying power 
which would accrue to it if used as a doublet with the eye. 

The adoption of this system of expressing the magnifying power 
relieves us from all complications. 
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In a:^corda.nc« with tim principle we should ascribe to objectives oE the 
focaJ lengths specified below the magnifying powera wliich are set down in the 

last column of the Table : — - 
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28. Method of measuring the focal length of the objective. 

The focal length and magnifying power of the objective may 
be most conveniently arrived at by measuringt by means of an 
eikonometer, the cumulative magnification obtained with the objec- 
tive working in conjunction with any convenient eyepiece, 
dividing afterwards the cumulative magnification aa thus obtained 
by the magnifying power of the ocular (measured as described 
below in sitbsect. 45 infra). 

Example, The cumulative magnificatioa of the objective and of the 
eyopioco employed is 500. The separate maguifying power of the oculftr, 
measured as in aubsecl^ 45, infra, is 4. The separate magnifying power of 
the objective is thus ; 500 + 4 - 125, and the focal length of the objective 
250 nim. •^ 125 = 2 ram. 

29. On the numerical aperture of the objective and its influence 
upon the quality ol the microscopic image. 

The quality of the image depends, as we have seen in connexion 
with the unaided e^'^e, on the one hand, upon the numerical aperture ; 
and, on the other hand, upon accurate iiguring, correction, and, of 
course, focussing of the lens system. Large numerical aperture 
carries with it, in the ease of the microscopic objective, the following 
advantages ; — 

(1) It conduces to the achievement of finer resolution in 
depth. 

(2) It permits of the imaging of microscopic elements which 
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are screened from direct yiew by overlying elements in the 
preparation. 

(3) It reduces the dimensions of the antipoint and thereby 
gives better resolution in plan. 

(4) It permits obliquely incident beams from outlying regions 
of the field of vision to pasa comparatively unmutilated through 
the objective. 

(5) It makes it possible to achieve high magnification, apart 
from such restriction of the terminal beam as would entail the 
obfuscation of the image by shadows of intra-ocular and extra- 
ocular opacities. 

In connexion with this laat, we may note that where the numeri- 
cal aperture of the beam which enters the eye is reduced to 0"001j 
we have, as we have seen in Cap. X, subsect. 9, conditions which 
are inconsistent with the realization in the eye of a satisfactory 
image. 

In conformity with this, the maximum magnification which can 
advantageously be exacted from an objective is a magnification 
which stops short of reducing the numerical aperture of the terminal 
beam beyond this limit. 

What that maximum magnification is for microscopic objectives 
possessing numerical apertures of between l--t and 0'3, will be 
learned from the Table below : — 
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the Objective, 
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30. Measurement of the numerical aperture of the objective. 
The numerical aperture of the objective can be measured in 
two alternative ways : — * 



198 PRTXCIPLES OP MICROSCOPr 

(1) We may employ an apertometer, such as that designed 
by Abbe, which measures the numerical aperture of the beam 
which k projected upon the stage and which passes thence; 
into the objective. By this method we determine the numerical 
aperture of the opening angle of the objective vista by measuring 
the numerical aperture of the closing angle of a preceding vista. 

(2) We may arrive at the numerical aperture by measuring 
both the focal length and the Ramsden disc of the objective ; 
or, in the case where the focal length is knowTi, by measuring 
the Ramsden disc. 

31. Principle ot the Abbe apertometer. 

The Abbe apertometer k, as will be seen on referring to Plate 
XII, Fig. 3, A and B, constructed out of a segment of a glass disc. 
The convex aspect of the disc, which occupies a vertical position as 
the apertometer lies upon the table or upon the stage of the micro- 
scope, con.stitutes a cylindrical, lenticular window, which admits 
light to the interior and directs it to a reflecting surface, which is 
formed by grinding off the inferior and posterior angle of the semi- 
oircular glass plate. This reflecting surface deflects the light in 
such a manner as to send it upwards through a small aperture in 
the silvered disc. The adjustable metallic wings serve for opening 
up or shutting down the aforementioned lenticular window in such 
a manner as to transmit, througli the aperture in the silvered disc, 
a beam of larger or, as the case may be, smaller numerical aperture. 

82. Procedure for measuring the numerical aperture of the objective 
by means of the Abbe apertometer. 

Place the apertometer on the stage of the microscope and, 
employing the lowest available eyepiece, focus down upon it with 
the objective whose numerical aperture is to be measured. Illumi- 
nate the anterior curved face of the apertoraeter and bring into 
view under a pocket lens the image of the back of the objective, 
which is formed in the Ramsden disc of the eye lens. Keeping the 
Ramsden disc of the objective under observation, adjust now the 
metaUie wings of the apertometer until their edges coincide accu- 
rately with those of the edges of the aperture of the objective. 
When this position has been found, read off the N.A. on the scale 
inscribed on the upper face of the apertometer. This will repre- 
sent the angular aperture of the closing angle of the apertometer 
vista, and at the same time the N.A. which we here require — i.e. 
the numerical aperture of the opening angle of the objective vista, 
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in the case where this occupies the full aperture of the objective. 

33. Procedure [or measuring the numerical aperture of the objective 
without recourse to the apertometer, 

WTiere the N.A. of the objective is to be measured, without 
recourse to the apertometer, we require, as has already been indi- 
cated above, to know the focal length of the objective combination 
and the semi-diameter of its Ramsden disc. 

The focal length, if not already known, may be measured, as 
explained in sitbaect, 27, supra. 

The semi-diameter of the Ramsden disc may be obtained by 
meaauring the back lens of the objective. In the case where the 
back lens is accessible, as it often is in the case of lower power 
objectives, a measuring scale may be directly applied. In the case 
where the back of the lens is sunk in the objective mount, we may 
conveniently measure the diameter of the image of the fully lit up 
back lens of the objective by applying our scale at the Ramsden 
disc of the eye lens and reading it off by the aid of a pocket lens. 
The measurement thus obtained, multiplied by the magnifying 
power of the ocular (see under this, infra, mbsect, 41), will furnish 
the diameter of the Ramsden disc of the objective.^ 

Example I. The diameter of the Hamaden diacor" pupil nf entrance" 
of a Zeiss IB-mrn, dry apoeliromatie, measured by laying a miJUmetre scale 
across the back leiia of the combination, is 10 mm. approximately. 

The approxtnriate N.A. aa deduced from this measurement and tlie local 
length of the objective is /„ = 0-31. 

The N.A, inscribed by the mount by Zeiss is 0*3. 

Exam^ple 2. The diameter of the Ramsden di^c of an S-mm. Zeisa 
apochromatic objective (obtained by reading off with a pocket lens a 
syateni of transparent micrometrical rulings imposed upon the Ramsden 
disc of the eye len:« of an ocular which magnifies 4 times, and multiplying 
the obtained reading by 4) is 10. 

The approximate N.A. of the objective as deduced from tliis measure- 
ment and the focal length of the objective ia |;^ 0-625 ram. 

The N.A. inscribed on the mount by Zeiaa is 0-65 

Example 3* The diameter of the "pupil of entrance" of a Zeiss apo- 
clu-oraatic 3-ram.- oil immersion (obtained &s in Es»raple 2) is approximately 
8 mm. 

The approximate N.A. deduced from this meaisurement and the focal 
length of the objective is jj = I '35. 

The N.A, inscribed by Zeiss upon the mount is 14, 

I The filling in of the a^jerture of the objective will (as explained in 
8u&«ec8. 11 and 17), in the case of an oil-immersion lens, practically always 
involve the opening of the aubstage diapliragm to it^i widest extent, and 
the filling in with cedar oil of the interspace between the front face o( th(? 
condenser and the face of tlie slide. 

■ This is the equivalent focal length aa measured in air. 



200 



PRINCIPLES OF MICROSCOPY 



34. On the accurate llguring and correctioii of the objtctive and on 
the influence exerted by these upon the quality of the microseoplc image. 

The role played by the accurate figuring and accurate correction 
of the objective in connexion with the quality of the microscopic 
image will perhaps be most clearly impressed on the mind if we 
realize that fallings short in these respects exert upon the micro- 
scopic image an effect which is comparable to that which is exerted 
by " errors of refraction " upon the quality of the retinal image in 
connexion with ordinary vision. In each case — and the same would, 
of course, apply also to the case of the inaccurate focussing of the 
microscope — resolution would be impaired by dififuaion — the diop- 
tric beams being laid down in the image in the form of diffusion 
discs, instead of in the form of points. 

35. Corrections of the objective. 

The following are the more important points to be noted in 
connexion with the corrections of the objective : — 

(1) In every case the objective is corrected in such a manner 
as to give its best image in the ease %vhere it is employed 
in combination with the field lens of an ocular inserted 
into a microscope tube of standard length. This standard 
tube length is 250 mm.' (10 inches) in the case of the original 
long English model ; 160 mm. in the case of the shorter — so- 
called Continental — model. 

In view of the pradically universal enijjlojTuent of nosepiecea, or other 
objective eliangers, the corret-tions of the objective are now frequently, in 
the case of the ehortei' rnodet of mieroseope, iiiacle for a total tube length of 
1 70 nam. 

(2) The corrections adopted in an objective represent in 
every case a compromise — it being necessary to forego such 
optical perfection as might be attainable along one particular 
direction, in order to achieve the best general effect. 

(3) In the case of the ordinary so-called achromatic objectives, 
what is aimed at in the matter of the correction of chromatic 
aberration is the bringing together into a single focal plane of 
the foci of the red and blue rays, i.e. of the rays from either 
end of the spectrum. In the apochrotnalic objectives of Zeiss, 
what is aimed at is the bringing together into a single focal 
plane also of the foci of the rays of an intermediate wave 
length. 

1 It is t43 be obaerved tliat the tube lengt'h. is alwnys meoBured from 
the back of tlie objective to the eye lens of the ocular. 
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(4) The corrections are, in the case of the ordinary achro- 
matic oil-immersion objective, complete — in the sense that the 
system is not designedly over- or under- corrected. 

(5) In the case of the apochromatic objectives of Zeiss, 
the objective system is designedly over-corrected in such a 
manner as to allow of the supplementation of the objec- 
tive by special under-compensated oculars, technically known 
as compensation oculars. 

(6) All dry objectives of moderate power are designedly 
somewhat under-corrected. The object in view is the achieve- 
ment of perfect correction in the case where the microscopic 
object is covered in by a cover glass or highly refracting 
mounting medium of appropriate thickness,'^ 

(7) In the case of high-power dry objectives, the responsi- 
bility for the accurate adjiistment of the corrections to the 
particular thickness of the cover glass is imposed upon the 
microscopist. This adju.stment is effected either by shorten- 
ing or lengthening the tube length, or by altering the distance 
between the lenses of the objective, by means of the correction 
collar. 

38. Correction collar. 

Plate XII, Fig. 4, exhibits the mechanical arrangement which 
is fitted to all high-class, high-power, dry objectives, for the purpose 
of bringing together or spacing out the optical components of the 
objective in such a manner as to correct for variations in the thick- 
ness of the cover glasses employed. The adjustment of the position 
of the lenses u? in each case made by trial and error, that position 
of the correction collar being chosen which furnishes in the particular 
case the most satisfactory image. 

In deffiuJt of ft cDirectioti collar, a useful adjuHtment may pften be made 
by separating or, as the case may be, bringing closer together the distal 
and proximal elements in the objective combination by nn^crewing or, bb 
the <ta«e may be, tightening up the liead of tho lower cell. 

37. Preliminary considerations In connexion with the testing of the 
accuracy of the figuring and the adequacy of the corrections. 

We have seen that we must, in relation with the quality of the 

* It may be observed in this connexion that it would be desirable that 
every optician should, a« ia done by Zeiss in the case of his apochromatic 
dry objectives, engrave upon the mount of the objective the particular 
thickness of cover glass with which he desires his lenses to be employed. 
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microBCopic image, direct our attention : (ti) to the numerical 
aperture of the objective, and (6) to the accuracy of its figuring 
and the adequacy of its corrections. 

The method of measuring the numerical aperture of the objective 
has been described. It remains to consider how the accuracy of 
its figuring and the adequacy of its corrections can be put to proof. 

These can be adjudicated upon by attending to the quality of the 
image which is furnished by the objective under the conditions 
which allow of the achievement of a " critical image." 

Before dealing with the procedure, it will be well to assign to 
each of the terms in the foregoing sentence a definite significatioii. 

(o) By the gtuzliiy of the microscopic image is here to be under- 
stood the general sharpness of definition, the fiatness of the field, 
and imaging on one and the same image plane of different coloured 
points, lying side by side on one and the same object plane. 

To take examples ; — 

Where the image of a hexagon is to be adjudicated upon, the Bliarpneggi, 
or, as the caae may be, the rounding ofi of tlie angleft i« to come into con^ 
gideration. 

Where the image of a non-vacuolat«l, or, as tlie case may be, vacuolated, 
bacillus y in question, what is to be adjudicated upon i§ the Bharpnesa or 
diffuee nharacter of the external contour, or, as the case may be, of both 
external and internal contours, 

Wliere an image of a system of ruUtigs is to l>e adjudicated up<»u, what 
we have to consider is whether the lines are sharply defined, and wliether 
they stand out clearly from each other in such a manner as to allow of their 
separate identification. 

Again, when an extended field is to be imaged, the point of importance 
i» whether the whole field can be brought into view without reodjuatment 
of the focu3. 

Lastly, where we have to deal with red-stained and blue stained bacteria. 
dispoijed as in a thiti-fihn preparation in the same optical plane, we have to 
observe whether the differently coloured objects are disposed in the imsgd 
on the aame focal plane. 

(&) The conditions referred to above as the conditions which 
allow of a critical achievement of a critical image are the conditions 
which are set forth at length in Cap. XV. 

The more important of these are the centring of the condenser, the proper 
adjui^tment of the tube length, and the restriction of the magnifying power 
within the limits wliich are consistent with the maintenance of a sufficiently 
large terminal beam. 

Inasmuch as under these conditions conspicuous antipoint and 
obfuscation are for all practical purposes excluded, any want of 
sharpness in the focussed image would be an indication of diffusion 
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— in other words, an indication of the representation of the object 
in the image by diffusion discs instead of focal points. 

(c) The terms proving and adjudicating upon are here employed 
with intent to signify that the accuracy of the figuring and the 
adequacy of the corrections are estimated by a method of appraise- 
ment, and not, as in the case of the numerical aperture, by definite 
measurement. 

The question as to whetlier a particular contour Is or is not Butticiently 
aharply dofitietl is a tnatter for Bkilled judgment. And this same factor of 
judgment cornea into play even in the case where it is a question of deciding 
whether the individual lines in a ayateni of rulinga are sufficiently well defined 
to allow of separate identifieation. 

38. Procedure to be adopted In connexion with the testing of an 
oblectlve. 

For the testing of an objective we require to have at disposal, 
on the one hand, a series of suitable test-objects, and, on the other 
hand, for the purposes of comparison, an objective of approved 
excellence and of similar numerical aperture. 

Further, we require to make, both in the case of the objective 
which is under trial, and in the case of the objective which furnishes 
the standard of comparison, the adjustments which are essential 
for the achievement of a critical image. 

IiEstly, we require to employ, in testing the objectives in each 
case, an ocular of similar magnifying power. 

The adjustments which must be made in order to obtain in 
each case a critical image are set forth at length in Cap. XV. The 
question as to what are the most suitable teat objects to employ 
is considered in the following paragraphs. 

39. Consideration of the suitability of diatoms as test objects for the 
proving of objectives. 

The test objects which are ordinarily supplied for the proving 
of micrcMcopic objectives are the finely ridged and indented silicious 
tests of diatoms. 

The employment of these for testing the accuracy of the 
figuring and the adequacy of the corrections of objectives is open 
to objection on the ground that the difficulties which stand in the 
way of the resolution of these test objects are, in many cases, 
difficulties in connexion with misprision of focus and in connexion 
with resolution in depths-difficulties, in short, which cannot be 
surmounted merely by accurate figuring and correction of the 
objectives. 
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The difficulties in regard to misprision of focus ariae in associa- 
tion with the circumstance that, in connexion with the regular 
geometrical pattern of the surface markings of diatoms, there may 
be developed by the interlacement of the rays which have been 
reflected and refracted in the course of their passage through the 
object, an equally regular derivative pattern which will lie super- 
ficially to the object (vide Cap. I. S'ubs^ct. 7, and Plate II, c). 

The difficulties in connexion with resolution in depth are due, 
on the one hand, to the above-mentioned phantom pattern, and, 
on the other hand, to the circumstance that we have, in the case 
of diatoms, to deal with two superposed systems of markings — one 
upon the upper, the other upon the lower test. 

40. Employment of stained film preparations of bacteria (a) as t«st 
objecU for the general accuracy of the figuring and corrections, {b) as 
special test objects for proving the chromatic corrections, and (e) as test 
objects for proving the flatness of the image field. 

Both the difficulties in connexion with misprision of focus and 
the difficulties in connexion with resolution in depth, which have 
Ijeen adverted to in the previous section, can be avoided by the 
employment of test objects, in which the elements are disposed 
irregularly, and in which these are all disposed upon one and the 
same optical plane. 

Test objects of this kind are to hand in the form of stained 
film preparations of bacterial cultures. 

Film preparations of tubercle bacilli which show the vacuolated 
structure are eminently suitable objects for the testing of oil- 
immersion lenses. 

Film preparations of the micrococcus Melitensis, owing to the 
minute size of this microorganism, and of the bacillus pestis, by 
virtue of the fact that this micro-organism is both small and 
vacuolated, furnish also very critical test-objecta. 

For the purpose of testing the accuracy of the chromatic cor- 
rections, a film preparation of tubercle bacilli mixed with other 
bacteria, stained differentially with carbol fuchsin and methylene 
blue (as in Plate II, d), will be found to furnish a very suitable test 
object. Where the objective is under-corrected, the red-stained 
tubercle bacilli will be imaged on a plane superficial to that upon 
which the blue-stained bacteria are brought to focus. 

For the purpose of testing the flatness of the microscopic field, 
any of these preparations are also admirably adapted. In each 
case, where we have to deal with any appreciable curvature of the 
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field, the micro-orgamanw on the periphery of the field will be 
thrown out of focus. 

41. Objective changers. 

The rapid substitution of slower for a higher power objective, or 
vice versa, is provided for by the fittiag to the microscope tube a 
noseptece or a sliding objective changer. (Plate XII, Fig. 2, A and B.) 

The sliding objective changers have over the ordinary nose- 
piece the advantage that they allow of the easy rectification of 
the centring of each objective. They have also an advantage in 
the respect that the end of the microscope is not encumbered by 
the objectives which are for the moment out of use. 

42. Barrel of the microscope and draw tube. 

The objective is, as wc have seen, corrected in such a manner 
as to furnish a satisfactory image only at a particular conjugate 
focal distance, which is in each case fixed by the tube length of 
the microscope- 

In the Continental pattern of microscope a tube length of 
160 mm., in the original English pattern of microscope a tube 
length of 250 mm., is adopted as the standard. 

The barrel of the microscope is ordinarily somewhat shorter 
than thiSj in order to allow for the extension effected by the fitting 
of an objective changer ; further, to make it possible to employ 
a curtailed focal length in the case where the preparation happens 
to be covered in by too thin a cover glass. 

A draw-tube fitted within the barrel allows of the tube length 
being extended (a) in the case where the barrel and objective 
changer, taken together, fall short of the standard tube length ; 
and (i) where too thick a cover glass has been employed. 

A millimetre scale is inscribed upon the draw- tube in order to 
facilitate the correct adjustment of the tube length. 

In addition to furnishing the means for obtaining the most 
satisfactorily corrected image, the draw- tube furnishes also the 
means for increasing the magnifying power by lengthening out the 
closing limb of the objective vista. 

This method of increasing the magnification is, in point of fact, 
little to be recommended. It involves, as consideration will show, 
a sacrifice of the corrections, 

43. Width of the barrel. 

The width of the barrel exercises a determining influence upon 
the extent of the field of view. 
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Of two microscopes possessing the same tube length, the micro- 
scope with the wider tube will be found to give the wider field of 
view. This is, as consideration will show, due to the circumstance 
that the obliquely incident beams from the periphery of the field 
are, in the case of the narrower tube, quenched against the sides 
before they arrive at the field lens of the ocular. 

44. The ocular. 

Hmjghenian ocular.— Tht ordinary or Huyghenian ocular, which 
is employed in connexion with the microscope, consists of two 
plano-convex lenaes, disposed with their convex surfaces directed 
downwards towards the objective. The distal or field lens of the 
combination works, as already explained, as a doublet \^.ith the 
objective, shaping the divergent beam^ which proceed from the 
objective into incurved vistas. 

The field lens effects in this way an extension of the field of 
view, a corresponding reduction in the magnification, and further 
a flattening of the field. 

The proximal element in the combination — the eye lens — works 
as a doublet with the optical system of the eye, and magnifies the 
picture which is focuased by the field lens in the diaphragm of the 
eyepiece. 

The effect of the two elements working together is, in every 
case, a magnifying effect. 

Eamsden ocxdar. A Ramsden ocular consists of two plano- 
convex lenses, arranged with their convex surfaces facing each other. 

Such oculars are employed only for special purposes, in 
particular, in connexion with eyepiece micrometers, where they 
have an advantage over other oeulara in the respect of furnishing 
a more accurately corrected image of the scale which is disposed 
in the plane of origin of the eye-lens vista. 

45. Determination of the m^n^lfyltig power of the ocular. 

The most convenient procedure for determining the magnifying 
power of the ocular, taken as a whole, is the following : — 

Either dismount the objective and then measure the diameter 
of the back lens, and then fit it again to the barrel of the microscope ; 
or, better, discard the objective and measure the lumen of the lower 
aperture of the barrel of the microscope. 

Insert now into the upper end of the barrel of the microscope 
the ocular whose magnifying power is to be measured. Extend the 
draw-tube until the combined total length of the barrel and draw- 
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tube conforms to the standard length of 160, 170, or, as the case 
may be, 250 mm. 

Taking a pocket Un^ in front of the eye, and bending down 
over theeye-lens, identify the image of the back lens of the objective, 
which is formed in the Ramsden disc of the eye lens, or, as the case 
may be, the image of the lower aperture of the microscope. Bring 
acciirat^ly into the same optical plane with the image a measuring 
scale — either a transparent micrometrical scale, such as would be 
furnished by the diffraction- grating (ruled 16 lines to the millimetre) 
supplied with this book, or, failing this, any ordinary finely divided 
measuring scale. Now read off the number of divisions which 
correspond to the image. 

The quotient obtained by dividing this measurement into the 
measurement of the back of the objective, or, as the case maybe, 
of the lower aperture of the barrel of the microscope, will represent 
the magnifying power of the ocular in the case where employed in 
a microscope tube of the standard length here in question. 

Example I. The Imnen of the tower apertufe of the barrel of the 
microscope measures 2 cm. 

The Image of this aperture formed by the ocular employed in. a tube 
of 160 mm. length measures 0*5 cm. 

The magnification effected by the ocular employed in a tube of 160 mm. 
length is a 4-fold magnific»tion. 

Example 2. The lumen of the lower aperttire of the barrel of Ihe 
microBcope meaBiirea 1 '5 cni. 

The image of thia aperture, formed by the ocular employed in a tube 
of 250mm. length, meaatirea 03. 

The magnification efi'ected by the ocular employed in a tube of 250 mmt 
is a 5-foId magnification. 

Example 3, The back lens of the objective measuree 1 cm. 

Its image in the Kamaden disc of the eye lens measnres 1'25 mm. 

The raagnification effected by the ocular ia an 8-fold magnification. 



CHAPTER XIV. 

ON THE INSTRUMENTAL ADJUSTMENTS REQUIRED 
FOR THE ACHIEVEMENT OF DARK-GROUND 
ILLUMINATION AND STEREOSCOPIC ILLUMINA- 
TION IN PARTICULAR IN CONNEXION WITH 
WIDE-ANGLED HIGH-POWER OBJECTIVES. 



JntrodMctory, and experiments illustrating the inftwence of tht N.A. vf the 
objective mi the type of picture imaged in the microscope — Problem of 
achieving dark-ground iUumimUion in connexion with both wide- 
and narrou'-angled objectives— Tivo distinct schemes of illumination can 
be exploited for the purpose of achiev-itiff dark-ground iltutnination-^ 
Method of achieviny durk-ground illumination in connexion with narrow^ 
angled low-power objectives by th^^' arrangem>entby which the preparation 
is illuminated by solid, and imaged by hollow beams " — Method of achiev- 
ing dark-ground illumination in conne^n'on with unde-anghd high-power 
objectives by the " arrangement 6y which the preparation is illuminated by 
hollow, and imaged by solid beams** — Afethod of Siedentopfand Zsigmondi 
—Method of achieving dark-ground illumination in connexion with 
wide-angled high-power objectives by ike "arrangement by which the. 
preparation is illuminated by solid, and imaged by hollow beams,** 



1. Introductory » and experiments illustrating the Influence of the 
numerica] aperture of the objective on the type of picture imaged In the 
microscope. 

We saw in connexion with the experiments in Cap, II, sects. 1 
and II, that, when the plane of origm of the objective viata is (as 
in Figs. 72 and 73) occupied by luminous points which radiate 
light along the optical axis of the microscope and outwards 
within the contpass of a small angle from that axis, the field of 
the microscopic image is bright, and everj' microscopic object, which 
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IB enveloped in a medium of lower refractive index, is delineated 
by a dark outline. 

We saw, further, that where the plane of origin of the objective 
vista ia (as in Fig. 7*3) occupied by a system of luminoua points 
which radiate light through a small angle along an axis disposed 
obliquely to the optical axis of the microscope, the field of the 
image is faintly illuminated, while microscopic objects, where 
these are enveloped in a medium of lower refractive index, are lit 
up on one side and shaded on the other in such a manner as to 
furnish a stereoscopic picture (Plate III, c). 

Again, we saw that where the plane of origin of the objective 
vista is (as in Fig. 75) occupied by a system of luminous points 
radiating light in each ease in the form of a widely open, hollow 
cone, the field of the microscopic image is dark, while the microscopic 
objects, in the case where these are enveloped in a medium of 
lower refractive index, are delineated by bright outlines (Plata II, 

Finally, we saw that where the plane of origin of the objective 
vistft is {as in Plate XI, Fig. I) occupied by luminous points which 
radiate blue light along the optical axis and within the compass of 
a small angle from that axis, and red light along paths lying very 
oblique to that axis, the field of the microscopic image is blue, 
while the microscopic objects in the case where these are enveloped 
in a medium of lower refractive index are delineated by red 
outlines (Plate II, h and m). 

In the experiments which have been in question the radiant 
points were, it is to be noted, viewed either by the unaided 
eye or, in the case where the microscope was employed, by 
a narrow-angled objective. In correspondence with this, the 
rays which came off from the object at a considerable angle 
to the optical bxIb were in each case excluded from partici- 
pation in the image, and only those rays came under consideration 
which fell within the narrow aperture of the eye, or, as the case 
might be, of the narrow-angled objective employed. 

We have now to realize, by the help of a few simple experi- 
ments : (1) that the dispositions adopted in Cap. II for the 
development of the object pictures above referred to give entirely 
different images in the case where we view the radiant points 
through wide- instead of narrow-angled objectives ; and (2) 
that special dispositions have to be made in the case where 
we desire to achieve in connexion with wide -angled objectives 

p 
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either dark-ground illumination,, or stereoscopic illumination, or, as 
the case may b«, illuminatiott by differentially coloured light. 

Experiment i. Mount a few strands of glass wool in water on 
a slide and cover in with a cover glass. Having placed the preparation 
on the stage of the microscope, and having brought it into view with 
any narrow-angled objective, fociia a wide-angled condenser upon it and 
block out the central light by the aid of a central spot stop such as will 
juBt shut off all the light from the field,^ 

The glaaa strands will now he defined by bright outlines upon a dark 
field. 

Substitute for the low-power objective a sborter-fucussed and pro- 
portionately wider-angled objective. It wi)I be found that the field 
has now become bright and that the filaments are delineated upon 
that field by moderately dark and more or less diffuse outlines. 

Comment, Consideration will show that the light which liere comes 
oSfrom each radiant point in the fieldof the preparation in the form of a 
hollow cone of liglit will now be received into the objective. In con- 
formity with this gathering in of the light into the image, the field, which 
was seen by the narrow-angled objective as dark, is by the objective of 
wider angular aperture seen as bright- 

This difference wiff obtain universally as between two objectives of 
different N.A. when employed with a wide-angled condenser — the one 
with the larger N.A. wiJl in each case see dark outlines upon a bright 
field in the case where the objective with smaller N.A- sees bright 
outlines upon a dark Held. 

Experiment 2. Going back again to the narrow-angled objective, 
remove the central apot stop and place under the fully -foe ussed open 
condenser the parti-coloured stop (Plate I, E, 3) already employed in 
previous experiments. 

The strands of glass wool will now be seen as blue objects outlined in 
red on a blue field. 

Substituting once more for the narrow -angled objective a wider- 
angled objective, it will be noted that field and glass wool alike are, as 
Indicated in Plate II, I, of a uniform purple colour. 

Comment. The reason of this is to be found in the fact that whereas 
in the case of the narrow-angled objective only the central blue element 
of the parti-coloured beam which takes origin on the object-field (Flat*; 
XI, Fig, 1) entei^ the objective, in the case of the wide-angled 
objective both the red and the blue elements of the beam are received 
into the objective and are brought to focus by it. In correspondence 
with this the wide-angled lens aeea as purple the field wloich the 
narrow -angled lens sees as blue. 

1 Where a atop of the exact dimenaions which are required is not to 
Iiand, n atop of approximately the correct dimensions may be employed, 
tlie illumination being regulated by racking the condenser up, or, aa 
the case may be, down until the point is arrived at at which the light juflt 
goes out from tho field. 
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Experiment 3. Rejilaee the glaas wool employed in Experiments 
1 and 2 by « blood tilm mounted in air. Returning again to the narrow- 
angled objective atop down the condenser in such a manner aa to 
project upon tbe mteroacopic preparation a beam oblique ^ to the optical 
axia of the microacope but not suflflciently oblique to faU outside the 
capacity of the ob|ective. 

A picture in relief ib now achieved in which the corpuscles stand out 
stereoacopically from the bright background (Plate III. c). 

Substitute again for the narrow-angled a wide-angled objective, A 
dark outline picture will now replace the picture in relief. 

It will have been realized by the aid of the above experiments 
that the character of the picture alters with the capacity of the eye 
or objective that views it. It will further be plain to consideration 
that it would be possible to develop on the stage of the microscope 
a system of radiant points giving off Hght at an angle such as would 
furnish when viewed by a series of three objectives of progressively 
increasing numerical aperture, with the narrowest, dark-ground illu- 
mination ; with the one of intermediate numerical aperture, a picture 
in relief ; and with the widest-angled objective, dark outlines on a 
bright background, 

2. Problem of achieving: dark-ground Illumination In connexion with 
both wide- and narrow-angled objectives. 

From what has been said above, the reader will immediately 
discern that as soon as we come to deal with high-power wide- 
angled objectives, and in particular with oil immersion objectives 
the achievement of dark-ground illumination is no longer the 
perfectly simple affair which it is when we are dealing with low 
powers and narrow-angled objectives. 

It wili, however, be possible to achieve dark*ground illumination 
in connexion with all objectives without exception, provided that 
the general principles which come into consideration in connexion 
with this form of illumination are clearly apprehended. 

3. Two dbtinct sohemes ol tltumination can be exploited for the 
purpose of achieving dark-ground Illumination. 

Dark-ground illumination can be achieved under tw^o different 
conditions : — 



^ A beam of the desired obliquity can be obtained by cloBing the eub- 
stage diapliragm and then displacing it outwardni in such a manner aa to 
dispose ill© aperture in the diaphragm (as in Plate XII, Fig. Ij undef 
periphery of tlie condenser. 
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(1) Where the condenser furnishes a system of hoUow beams 
which go wide of the aperture of tlie objective except in bo far aa 
these are deflected into that aperture by the microscopic object, 

(2) Where the condenser furnishes a system of solid beams which 
traverse the central region of the objective except in so far 
as these are by the agency of the microseopic object deflected 
into the outlying regions of the lens. 

Here provision must be made for blocking the undeflected 
beams so that the deflected light alone shall contribute t« the 
image. 

Figs. 90 and 91 will serve to explain the two schemes of illumi- 
nation which are here in question. 

In Fig. 90 we have the first arrangement — the arrangement 
with which the reader is already familiar. W^e are dealing here 
with a condenser whose numerical aperture exceeds that of the 
objective, and a central spot stop which lies in the apertural plane 
of the condenser vista, and which cuts out from each beam all tliat 
central segment which would normally enter the aperture of the^ 
objective. By this arrangement the beams which pass througl 
the microscopical preparation without impinging upon a microscopic 
object go wide of the aperture of the objective — giving ua a darl 
field ; while every beam which impinges upon a refracting and^ 
reflecting element is deflected into the objective — giving us a bright 
image upon the dark field. 

We may conveniently speak of this arrangement as the arrange-^ 
tnerU by which the preparation is illuminaied by hoUQit\ and imofft 
by solid, beams. 

In Fig. 91 we have a wide -angled objective employed in combin- 
ation with a condenser which is stopped down in such a manner 
as to transmit beams which will occupy the centre only of the 
apertural plane of the objective. Upon the stage we have, again, an 
object which deflects the beam, spreading it out here so as to occupy 
also the outlying zone of the objective. 

The diagram shows that a central spot stop, If disposed, 
either, as at B, in the apertural plane of the objective vista, or 
alternativelj', as at A, in the apertural plane of the eye vista, will 
block out all the light from the field, leaving unobstrucfed only 
such light from the object aa passes through the peripheral zone 
of the objective. By the agency of this light a bright image is 
obtained upon a dark field. 
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It is open to us to exploit in connexion with any type or objec- 
tive, according as may be more convenient, either the one or the 
other of these schemes of illuiniuation. 

4, Method of achieving dark-ground illumination In connexion with 
narrow-angled low-power objectives by the ** arrangement by which the 
preparation is Illuminated by solid, and imaged by holiow, beams/' 

The reader has already familiarized himself with the former of 
the schemes of illumination which have been in question above. He 
will be well advised — in spite of the consideration that the scheme 
of illumination with which he is already famiUar is in point of fact 
the more convenient arrangement to adopt in connexion with 
low-power, narrow-angled objectives — to experiment in connexion 
with this t\'pe of objective also with the alternative scheme of 
illumination. 

Experiment. Place upon the stage of the microscope a fine glas? 
filament or a few strands of glass wool mounted in water under a cover 
glass. Fit to the microscope a low-power objective and a low-power 
ocular, and focus down upon tlie preparation. This done, focus also the 
condenser upon the preparation. Now removing the eye from the 
microscoi>ej bring into view with an inspect ion lens the Ramsden disc of 
the eye lens and sSmt down the suhstage diaphragm, until only the 
central area of the back of the objective i.^ illumtnated. 

Having made these adju.^tmenta, dip eitlier a glass spherule- — obtained 
as explained in dtp, 11, sfcl, I, ^yh^arl. 2 — or a circular loop of fine 
wire into a suspension of Indian ink. and place a aeries of diHerent-itized 
drops of the ink on tlie surface of a carefully cleaned cover glass. Having 
allowed the ink to dry. brijig the cover glass into the plane of the Ranisden 
disc of the eye lens, and with the aid of the pocket lens adjust niattei^ 
pfj that the bright centre of the Eamsdcn disc may be just oceiUted by 
one of the spot stops. 

Maintaining the stop accurately in pavilion, bring the eye down into 
the neighbourhood of the eye lens, and, on looking through the micro- 
scope note that the glass filatnents are now delineated with bright 
outlines upon a dark field, instead of before by dark outUnes on a briglit 
ground. 

5. Method of achieving dark-ground illumination in connexion whh 
wide-angled high^power objectives by the "arrangement by which the 
preparation Is illuminated by hollow, and Imaged by solid, beams." 

Tiie conditions which have been set forth above as essential to 
the achievement of dark-ground illumination by the arrangement 
here in question can in the case of high-power mde-angled objectives 
bo realized — 

(a) In the ca&e where the full numerical aperture of the con- 
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denser exceeds that of the objeetive and is not already exploited, 
by exploiting that aperture to the fuU. 

Thift dpvice is defective in the respect that, as tlie obtruded segment 
of each hollow beam becomes larger and larger, an ever smaller seg- 
ment remain* over for the illumination of the objedt^ 

(fe) In the case where the numerical aperture of the condenser 
is already fully exploited, by cutting down the aperture of the 
objective by a retro-objective annular stop. 

This device Is unsatififactory in the respect that it converts a wide- 
angled objective into a narrow-angled objective, hifnishing in correspon- 
dence with thia an image which does not present any points of auperiof ity 
ovep that which would be furnished by a low-power narrow-angled objective 
supplemented by a high-power ocular. 

Experiment i. Pitting to a microscope, which is furnished with the 
ordinary wide-angled Abbe condenaer, a high-power wide-angled dry 
objective, and placing upon the stage of the microscope a few strands 
of glass wool mounted in water, satisfy yourself that dark-ground illumin- 
Ation cannot be achieved simply by the introduction of a central spot 
stop into the substage diaphragni. 

Kow immerse the condenaer and verify that dark-ground Uluinination 
can under these circumstances be obtained. 

Employing a parti-eoloured stop in the substage, verify' further that 
wliat holds true in connexion with dark-ground illumination holds true 
also of illumination by differentially coloured light. 

Experiment z. Employing t)ie arrangement which was employed at 
the outset in ETperitmiit 1, drop into the mount of the objective, iu auch 
a manner that it may come to rest upon the posterior lena of the com- 
bination, an annular stop previously cut out of thin cardboard and 
blackened. It will now be found that a dark-ground illumination is 
achieved even apart from the immersion ot the condeja3:?r. 

6. Method of Sfedentopf and Zslgmond!. 

Siedentopf and Zsigmondi have of recent years exploited for 
the achievement of dark-ground illumination a principle which is 
in all essential respects identical with that which was in question 
in suhsect. 5 (a) and Experiment I supra. 

The device which is employed is the illumination of the object 
by a beam of light projected horizontally and brought to focus in 
the microscopical preparation in the form of a cone or wedge.' 
There is, a.s will be clear from the consideration of A and B in 



^ The claim which Siedentopf and Zsigmondi put forward in connexion 
with their metliod, that it is a method whicli reveals to view element* of 
" ultra-microscopic minuteness," will be coiisitlered in Cap.^Yl.suhaect. L. 
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the figure below, as between this method of dark ground Illumina- 
tion and that obtained by the method which is in question in 
snhsed. 5 (a) and Experhmni 1 snpra, no difference except in 
respect to the absolute horizon tality and the larger aperture of the 
iUuniinating beam. 

It is to be noted, in particular, that the restriction of the itlumin- 
ation to a single optical plane in the microscopic preparation. 



A 



B 



Fio. W-i. 

A, scheme: of DABKOHOUNP tttUSimATIOK employed by SreOESTOPP AVt» 

ZSIGMOXDI. 

B. SCHEME OF DAHE-GROlTJfD FLLUMIJCATION WHICH OAW BB OSTAlNET) WITH A 

CSKTIUI, SrOO: STOF, IHJitEasED WIDE-AJfULECt CONDEK8EB, AMD fOrN? 
SOrRCE OF LJOHT. 

vhich is claimed as a specially distinctive feature of Siedentopf 
and Zsigmondi's system of illumination, can be obtained also with 
a central spot stop and condenser in the case where a point 
source of illumination, and in conformity with this a single 
illuminating beam, is employed. This will be manifest on con- 
sidering Figs. 75, 90 and 92 {B). 

The method of Si&dentopf and Zsigmondi involves, aa will immediately 

be apprecifltetl, the <?niployinent of coniiilicHted and expensive nppHratas. 

7. Method of achieving darkgrouod illumination in connexion with 
wide^angled high-power objectives by the ** arrangement by wMch the 
object is illuminated by solid, and imaged by hollow, beams." 
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The reader will have appreciated that the arrangement which 
we may now, in view of the device of Siedentopf and Zsigmondi, 
speak of in more general terms as " the arrangement by which 
the object is illuminated by beams which go wide of the aperture 
of the objective," is in connexion with high -power wide-angled 
objectives, unsatisfactory. We have seen that it is unsatisfactory, 
either (a) by reason of the amount of light which strikes the object 
becoming progressively less as a larger and larger segment is cut 
out from the hollow beams, or (6) by reason of the aperture of the 
objective being cut down, or (c) by reason of the complicated and 
expensive apparatus, as in the method of Siedentopf and Zf=iigmondi, 
required for its exploitation. 

All these difficulties disappear when we have recourse, in con- 
nexion with high-power wide-angled objectives, to the " arrange- 
ment by which the preparation is illuminated by solid, and 
imaged by hoUow, beams," In particular the difficulties disappear 
when we employ that form of the arrangement in which a retro- 
ocular central spot stop is, as has recently been suggested by 
Gfordon,* substituted for the retro-objective central spot stop 
—already more than once exploited, only to be abandoned as 
inconvenient. 

Owing to the circumstance that the device of the retro-ocular 
stop has only just been alighted upon, the final form which 
the apparatus which will be required for the exploitation of the 
proposed method has not yet been arrived at. It would seem 
probable that it will take the form of a wheel of central spot stops 
furnished with a screw movement both in the vertical and horizontal 
plane, so as to allow of the particular stop which may be required 
being brought accurately into the centre of the Ramsden disc of 
the eye lens. 
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CHAPTER XV. 



ON THE ADJUSTMENTS REQUIRED FOR THE ACHIEVE- 
MENT OF A CRITICAL IMAGE. 

Introductory— Nece^aity for the rpguJatioti of tlte source of iUumiruition — 
Suggestions for the av&idance of the difficulties whi-ch ttre. associated 
with ttie employment of an extended source of illumination — Disadvan- 
tages which attach to NelMn's method of evading these digi^cuUiea — Methods 
of nducin^ the dimensions of the light source — Importance of centring (Ae 
condenser — Pnnciples in accordance with which the tporking aperture of 
the corulenser ought to be regulated — Method of regulating tlie stibstage 
arrangemetUs in ^uch a matiner ds to give wsf o system of homogeneous beams 
of tlie greatest possible numerical aperture — Choice of objective — Adjust' 
ments which may be required for the purpose of obtaining the full benefit 
of the optical corrections of the objective — Elimination of bubbles in 
the immersioti mediutn and of any obtruding obstacles which may be 
disposed on the upper or latter face of the condenser or objective — Choice 
of ocular — Experiments e^chibiting the effect which is exerted on the 
microscopic image by the contraction and opening up of the beams which 
are delivered by the microscope to tfte eye. 

i. Introductory. 

Where we are dealing with an ordinary microscopic object, and 
where we have at disposal in our microBcope a surplus of optical 
power, the resolution of the object is obtained irrespectively of the 
achievement of a critical image. 

Such critical image is, however, indispensable where we have to 
deal with an object which is only just within the competence of our 
instrument. 

It can be achieved by undertaking the instrumental adjustments 
which come under consideration in this chapter. 

Let us note with respect to these that, while they are of obliga- 
tion only in the case where we have to resolve a di£Scult micro- 
scopic object, they may none the less advantageously be under- 
taken as a matter of routine in comiexion with microscopic work 
generally, and, in particular, in connexion with al! work with 

high powers of the microscope. 

us 
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We may conveniently begin with the consideration of the light 
source. 

2. Neceraity for the regulation ol the source of illurainatioii. 

The necessity for the regulation of the source of illumination 
will appear when we consider the optical conditions which obtain 
where an extended radiant field such as is furnished by the sky or 
a broad lamp flame is employed as a source of light. There will be 
formed in such a case upon the stage of the microscope by the 
focussed condenser an image of the light source which will extend 
beyond the limits of the field of view of any objective. From the 
radiant points included within this illuminated area beams will 
pass into the aperture of the objective. Those, from the centre of 
the field — always assuming that their numerical aperture does not 
exceed the numerical aperture of the objective — will pasa through 
the aperture unmutilated. It will be different with respect 
to the beams which proceed from the periphery of the field. 
These, taking the aperture obhquely, will, unless in the case where 
their numerical aperture is much less than that of the objective, 
be cut down in an unsymmetrical manner by the margin of the 
objective, exactly in the same way as would be the case if trans- 
mitted through an elliptical,, or, in the extreme case, through a slit 
aperture. 

It follows that while the radiant points in the centre of the 
field will be represented in the image by circular antipoints whose 
dimensions will be determined by the full numerical aperture of 
the objective, the radiant points on the periphery of the field will 
be represented in the image by eUiptical or Unear antipointa 
whose long axes will in each case be disposed radially to the 
aperture, overlapping the antipoints in the centre of the field in such 
a manner as to fog the image. 

These are the optical conditions which are represented on Plate 
XIV, the beams from the centre of the radiant field being here dis* 
tinguished from those from the periphery by a difference of colour. 

Experiment. Placing on the niicroecope stage under an oil 
immersion any of the common test diatoms, open wide the substage 
diaphragm, immerse the condenser, and bring into the field of the mirror 
the bright fiame of a paraffin lamp, disposed broadside on to the micro- 
scope. 

The conditions will now, except for the absence of the coloured screen, 
be those represented in Plate XIV. In other words, the image of the 
light source which is formed on the microscope stage will extend far 
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beyond the limits of the field of the objective, and from each of tbe 
radiant points in that illuminated area beams wiU be passing into the 
aperture of the objective. 

On looking down the microscope it will now be seen that a fog of 
light rests over the whole image, miitfljng all the shadows and destroying 
all contrast. 

The effect on the image will he something like that which would have 
been produced in Plate II, e, if a wash of white had been passed 
over the whole picture. 

3. Suggestions for the avoidance of the didlculties which are associ- 
ated with the employment of an extended source of illumination. 

Two alternative remedies have been proposed for the fogging 
of the image which w*a8 adverted to in the foregoing subsection, 

(1) The numerical aperture of the beams which proceed from 
the stage may, as hae been proposed, in particular by Mr. Nelson, 
be restricted by shutting dowTi the substage condenser until the 
numerical aperture of these beams becomes considerably less than 
the numerical aperture of the objectiv^e. When this has been done 
the beams which proceed from the outlying portions of the illumin- 
ated area on the stage of the microscope will — the obliquity of 
their incidence notwithstanding — pass through the aperture of the 
objective unmutilated. 

Experiment. Maintaining the other conditions as in the 
experiment in the previous subsection, bring into view under an in- 
spection lens the Ramsden disc of the eye lens, and shut down the iris 
diaphragm until, as the numerical aperture of the beama which proceed 
from the stage is gradually closed down, the peripheral zone of the 
back lens of the objective which was before entirely illuminated as in 
Plate X, Fig. 3 A, falls into shadow as in Plate X, Fig. 3 B, and Plate 
XV, B. 

The conditions wliich will now have been established are those repre- 
sented in the last* mentioned Plate, 

Note that, in association with the establishment of these conditions, 
the fog of light which before rested over the image haa disappeared and 
that the unilluminated parts of the image come out of a deep black. 

(2) The peccant radiant points which lie on the peripher^'^ of the 
field of view and beyond it may, as suggested by Mr. Gordon, be 
quenched by setting up in front of the light source a screen in such 
a manner as to restrict the radiant field which sends light to the 
condenser. Hereby the illuminated area on the microscope stage 
which radiates into the aperture of the objective will also be 
restricted. 

Experiment. Substituting for the broad Hajue employed in 
the experiments above a brilliant point source of light (obtained either 
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by the aid of the apparatus described below, or by placing a cardboard 
screen perforated with a small hole in front of the lamp flame), throw 
open the substage diaphragm to its fullest extent. 

The conditions which will now have been estabhshed are thosie repre- 
sented in Plate XVI. 

Note that with the establishment of these the sharp contrast between 
dark and bright which was achieved in the last experiment is again 
obtained. 



4. Disadvantages which attach to Nelson's method of evading these 
difQcuities, 

It is to be noted with regard to the method of Nelson that 
its adoption involves a sacrifice of numerical aperture throughout 
the whole field. The extent of the sacrifice will be realized on view- 
ing the Ramsden disc of the eye-lens through an inspection lens, 
and reflecting that by the shutting down of the numerical aperture 
of the transmitted beams, there has in effect been cut off from the 
aperture of the objective^ — except only for the purpose of the 
transmission of the obliquely incident beams — the whole of that 
peripheral Kone of the objective which is in Plate X, Fig. 3, B, 
and Plate XV, B, occupied by shadow. 

In association with this restriction of the beams the radiant 
points upon the stage will in the image be represented by larger 
antipoint discs (cf. Plate XV, a, with Plate XVI, a). 

This increase of the dimenBions of the antipoint pattern will 
pro ianlo interfere with resolution. 

5. Methods of reducing the dimensions of the light source. 

The simplest method of giving effect to the suggestion that the 
light source should be restricted is to turn the flame of the micro- 
scope lamp edgewise on to the microscope. In this manner we 
diminish the sectional area of the fiame which radiates light to the 
mirror, correspondingly reduce the illuminated area on the 
microscope stage, and pro ianto overcome the difficulty which arises 
when beams are projected very obliquely into the aperture of the 
objective. 

But this method suffices only where we are dealing with low- 
power objectives which cover a comparatively large field. In the 
case where high objectives are employedjWe shall do well, in accord- 
ance with the suggestion of Gordon, to still further reduce our 
radiant field. 

This can be effected by placing in front of the lamp a cardboard 
screen perforated in each case with an appropriate aperture. More 
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convenient, however, for the regulation of the aperture, is a wheel 
of stops such as is fitted to the apparatus shown in the figure below. 
We have here a Nernst lamp * enclosed in a box which ia open 
below, and which is provided with a window (seen in the anterior 
wall of the box in the reflected image) whose aperture can be regu- 
lated by a wheel of stops. 



>^ 



Fio. 93. 

AppArattia fop the regulation of the illumitifttioii, auperposed upon & roirroi' for 
the display uf the Internal arriiagemeQtii. 

9. Importance of centring the condenser, 

After what has been said in »ubsecL 2, supra, with respect to 
the fogging of the image in the case where the beams which traverse 
the objective are cut down in an unsymmetrical manner in their pas- 
sage through its aperture, it will be manifest that a critical image can 
be achieved only when the optical axis of the condenser ia brought 
accurately into allineation with the optical axis of the microscope. 

The optical conditions which we have to deal with when the 
condenser ia out of allineation with the objective are set forth on 

* There may, of course, be sutwtitiiited for the Nernst lamp as here shown 
an acetylene lamp, appropriately fittLMl, or any other brilliant Bource of light. 
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Plate XVH. Here, by consequence of the mutilation of the beams 
in the aperture of the objective, we have the radiant points upon 
the stage represented in the image by a system of overlapping 
eliptical antipoints. Such conditions are incompatible with the 
satisfactory resolution of any fine object. 

The method of centring the condenser has already been described 
in Cap. XIII, subaecl. 6. 

7. Principles in accordance with which the working aperture of the 
condenser ought to be regulated. 

In connexion with the regulation of the numerical aperture of 
the beams which are furnished by the condenser we have to take 
into account in each case : — 

(!) The efifect that the opening up and closing down of 
these beams will exert on the stage picture. 

(2) The effect that such widening and restriction will exert 
upon the microscopic image. 

(1) Inasmuch as the proper development of the microscopic 
image is conditional upon the proper development of the stage 
picture, the opening up or restriction of the beams must be con- 
sidered primarily from the point of view of its effect upon the 
stage picture. 

(2) Only when all the demands of the stage picture have — as 
we may assume to be the case here — been fully satisfied, are we 
free to consider the further instrumental adjustments which will 
be conducive to the development of a critical microscopic image. 

[a] Our first consideration here must be to avoid the 
unsymmetrical cutting down of the beams in the aperture of 
the objective. Where the dimensions of the light source have 
not been restricted, the numerical aperture of the condenser 
must — though this will in other respects prejudice the image 
— be cut down as suggested in auhmct. 3(1), supra. 

(6) Where the unsymmetrical cutting down of the beams 
has already been avoided by the device suggested in s^ihatci. 
5, our next consideration must be the capacity of the objective 
for bringing to accurate focus the whole beam which it is 
capable of admitting. Where the objective does not fulfil 
this requirement we must again, as in (o), cut down the aper- 
ture of the condenser in such a manner as to leave the peri* 
pheral zone of the back lens of the objective unoccupied. 

(c) Where the unsymmetrical cutting down of the beams 
in the aperture of the objective is avoided, and where this 
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last is capable of dealing in a satisfactory manner with a full 
beam — and we may assume that these are the conditions with 
which we have to deal here — we are completely free to comply 
with the fundamental principle of all critical image formation. 
That principle is to employ such a system of homogeneous 
beams as will fill in the aperture of the objective to its fullest 
possible extent. 

8. Method ot regulating the substage arrangements in such a 
manner as to give us a system of homogeneous tieams ot the greatest 
possible numerical aperture. 

The methods of focussing, immersing, and centring the substage 
condenser ao as to obtain beams of the greatest possible numerical 
aperture have already been described in Cap. XIII, svbsects. 4^8. 
These adjustments may not by themselves suffice for the develop- 
ment of the critical image. It may happen, even after they have 
been made, that examination of the Ramsden disc of the eye lens 
through an inspection lens may reveal that the light is coming 
through the back lens of the objective in an unsymmetrjcal manner 
— the central area and the outer zone only of the lens being lit up, 
while the intermediate zone^ are left in comparative darkness. In 
such a ease only a very blurred microscopic image will be obtained. 
It will be found that this can be rectified by racking the condenser 
up or down until a homogeneously illuminated disc of light 
occupies the back of the objective. 

9. Choice of objective. 

We have seen that the quality of a lens imag^ depends (a) 
upon the more or less accurate figuring, correction, and adjustment 
of the system of lenses, which "is in question, (6) upon the larger 
or smaller numerical aperture of the opening and closing Limbs of 
such system. We have seen also that the former of these factors 
is in the case of the objective, as in the case of the unaided eye, 
the factor of dominant importance. 

Without for a moment losing sight of the fact that the import- 
ance of aperture is subordinate to that of the other optical charac- 
ters of the objective, we may here, dismissing from consideration 
all questions other than those which relate to numerical aperture, 
consider in connexion with the selection of our objective that 
particular factor. 

The principle which ought to direct our choice in such a case 
is a very simple one. 
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We ought in each case to select an objective which wiO admit 
a beam of maximum numerical aperture, and which will furnish to 
the eye at the eye lens a beam whose diameter will be equal to, or 
as little inferior as may be, to the diameter of the pupillary aperture, 

Tho ideal condition of a terminal beam completely filling in the pupillary 
aperture was the condition which Helinholtz had in view when he spoke of 
nonnal mugnificntion. Tliia condition will be satLsfied only in the oase whwe 
the nutnericfl^I aperture of the beam which enters the objective exceeds the 
numerical ajwrture of the beam that enters the eye in ordinary vision by 
a. foctor equivalpnt to the magnification of the final image. 

Taking cognizance in passing of the fact that this is the principle 
which the bacteriologist applies when he discards, as he doe,** in his 
ordinary workj all high-power lenses except oil immereionSj we 
may set before us once more here the advantages which are 
associated with the employment of objectives of large numerical 
aperture. 

The advantages which are associated with the employment of 
objectives of large numerical aperture are the following; — 

(a) Tho quantity of light which is gathered into the opening 
limb of the objective vista compensates for the reduction of 
brilliancy which is entailed by magnification. 

(&) Elements in the microscopic object which are masked from 
direct view by interposed elements are imaged by rays which 
circumvent these interposed elements. 

{c} Adequate resolution in depth is achieved, in other words, 
separate and practically unclouded images are obtained of the 
successive radiant planes which are positioned in the object. 

{(i) The antipoint of the image Is kept within moderate dimen- 
sions, with the result that adequate resolution in plan is achieved. 

(e) There is supplied to the eye at the eye lens a beam which 
is, in the case where eKcessive magnification is avoided^ wide enough 
to ensure the freedom of the retinal field from obfuscation by the 
shadows of extra-ocular and intra-ocular opacities. 

Example. In the case whore a 100-fold magnification is to be 
exacted in the microscopic image, and where our choice Uee between two 
equally well corrected objectives poeaeasing N.As. of 0-6 and 0-3 respectively, 
preference ought, other thiogs being equal, to be given to the former. 
Tht' 0-6 objective would not only gather in more light into the image and 
give better resolution in depth, but it would give us the required magnifi- 
cation in association with a tenuinal beam of 0-006 n.a., i.e., a beam which 
would fin in the whole aperture of the pupil. The 0-3 objective would, in 
association with a 100-fold magnified image, give us a beam of O'WKi 
n.ft., i.e., a benm whose diameter would b0 leaa by one-half than tho dia- 
meter of the pupil. 
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10. Adjustments which ttuy be r«(tulred for the purpose ol obtalalnl 
the tu[I benefit of the optital corrections of the objective. 

We have seen in Ca/J. VIII that the utmost which the optician 
can hope to achieve by his corrections is the accurate representation 
of the microsoopic object in the case where the image is formed at ». 
conjugate focal distance prearrai^ed by him. We have seen also 
that the optician stipulates that where a dry lens is employed the 
microscopic object shall be covered in by a cover glass of a. stemdard 
thickness. 

It falls to the microscopist to see that the conditions which are 
postulated by the optician are, so far as possible, in each case com- 
plied with, and that any departure from these conditions is duly 
compensated for. 

In the case where an immersion lens is employed, or where a dty 
lens is employed in association with a cover glass of appropriate 
thickness, the microscopist is not called upon to do anything more 
than verify that he is employing the correct tube length. If he 
finds that the distance measured from the back of the objective to 
the eye lens is less than the correct tube length (in the continental 
pattern of microscope 160, or, as the case may be, 170 mm.), 
the microscopist %vill make the necessary extension of the draw- 
tube. 

In the case where the microscopic object is being viewed by a 
dry lens through a cover glass which is thicker or thinner than the 
standard, the microscopist will make the required adjustment of 
the correction collar^ or, as the case may be, of the tube length — 
proceeding in each case by the method of trial and error until a 
critical image shall have been attained. 

11. Elimination of bubbles in the immersion medium, and of any 
obtruding obstacles, which may be disposed on the upper or lower face 
of the condenser or objective. 

In view of the possibility of the deterioration of the image by 
the accumulation of dirt upon the upper or lower surfaces of the 
objective or condenser, and by the intrusion of air bubbles into the 
immersion media in the case where the condenser and objective are 
immersed, it will be well in every case to search with a pocket 
lens, with a view to detection of obstructing obstarles, the Rams- 
den disc of the eye lens and the imago planes immediately below 
this. 

Where such obstacles are found the remedy immediately sug- 
gests itself. 
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12. Choice of ocular. 

The principle of securing the desired cumulative magnification 
without any unnecessary reduction of the numerical aperture of 
the beam which comes to focus in the eye, a principle which dictates 
as we have seen {subject. 9, supra), resort to objectives of the wid^t 
possible numerical aperture, dictates also, as consideration will show, 
in each case the employment of the lowest possible ocular which 
will give the desired magnification. 

The diagram below will make clear to the eye that the higher 
magnification which is obtained by substituting for an eye lens 
of longer focus an eye lens of shorter focus, in connexion with 
ons and the same objective viata, results, a« shown in Fig. 94 below 
in the delivery to the eye of a narrower beam. 
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13. Exp«r]ments exhibiting the effect which is exerted on the micro- 
scopic image by the contractioti and opening up of the beams which are 
delivered by the microscope to the eye. 

Experiment i- Fit to the microscope any low-power objectivOj, 
let UB say a 16-mm. objective possessing a N.A. of 0-3, and a low-power 
ocular, let ua say an ocular giving a four-fold magnilication, and fooua 
upon a microscopic preparation illuminated by a fully open condenser. 

Withdrawing the eye to a distance of 10 inches or more from the 
eye lens, note that the Ramsden disc of the eye lens is sensibly of the 
same dimensiona as the pupil of the eye. 

Take in hand now a piece of somewhat fine wire — say wire of 0*5 
mm. diameter — place this transversely across the eye lens and then, 
bringing the eye up to tlie eye lens, look down the microscope. The 
presence of the wire will be notified by a very faint band of shadow which 
does not block otU from view any part of the microscopic field. 

Substitute for the low eyepiece an eyepiece possessing a two or 
three' fold higher magnifying power. Withdrawing the eye to a dis- 
tance of 10 inches, note that the dimensions of the Ramsden disc are 
now reduced to a half or, as the case may be, a tliird of what they 
previously were. In association with this it will be found on bringing 
the eye up to the eye len^, and looking down the microscope that 
the wire when laid across the eye lens will now cast a heavier shadow. 

Lastly, extend the draw-tul>e to its fuUest extent and take note of 
tlic fact that we have now a further reduction ol the dimensions of the 
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Ramsden disc and a further increase in the depth of the shadow^. The 
shadow will now definitely block out from view a band of the microscopic 
field. 

It will be appreciated that the depth of the shadow is in each case pro- 
portionate to the segment of the beam which is out out by the obtruding 
' wire. In the case where the shadow is absolutely black, the diameter of 
the beam is less than the diameter of the wire. 

Experiment 2. Keeping the high-power ocular in place and the 
draw-tube extended, substitute for the low- power objective a high-power 
objective and shut down the diaphragm in the substage in such a manner 
as to restrict the bea;m which passes into the objective. 

Before focussing down upon the microscopic object note that the 
Ramsden disc has been reduced to the dimensions of the finest pin point, 
and then look into the microscope and observe that the blank microscoino 
field is everywhere clouded with shadows ringed round with diffraction 
patterns such as those shown on Plate XVIII, A and C. These shadows 
correspond to particles of dust upon the eye lens and to extra- and 
intra-ocular opacities in connexion with the eye. 

Now push in the draw-tube, focus down upon the microscopic prepara- 
tion, and open up the substage diaphragm, and notice as you do so that 
each of these procedures brings about an expansion of the Ramsden disc, 
and a diminution in the depth of the shadows thrown by the finest class 
of obstacles. Take, however, note of the fact that larger obstacles such 
as are constituted by eyelashes or by a wire laid across the eye lens still 
throw almost absolutely black shadows. 
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ON THE QUESTION AS TO WHETHER THERE ARE 
DEFINITE LIMITS IMPOSED UPON MICROSCOPIC 
VISION AND RESOLUTION ; AND ON THE REAL 
NATURE OF THE LIMITATIONS ENCOUNTERED 
IN CONNEXION WITH THE EMPLOYMENT OF 
HIGH MAGNIFICATIONS. 

Intfoditttory — The-ttreiival limit of resotuti^n — QueMion as to tv}tether the litnit 
of HdtftJioltz isth€ ufUransfjressable limU of re^ottUiotv-^-QueMion as to the 
real nature of tite limit of resolution ivhich is enaiuntered by (Ae micro- 
seopiM in connexion with the ertiploytfietit of high Tnagnificatiiitis — Is it 
po89ibU to advatwe to a hiyhtr limH of resolution than that attained btf 
tfte jjfMent optical arrangemtnts ?—On Ooedon't method of opening up 
the beam'before it is delivered by tJie microscope to tfie eye — Appraisement 
of thia achievement — Question as to wfteiitet it opens up a pros^pecl 
of an advance, towards increased regoMng power. 

1. Introductory. 

The term uUra-mtcroscopic has of late come into current 
use in connexion with very minute elements which have not as yet 
been satisfactorily displayed by the microscope. In particular, the 
term has been employed in connexion with those germs of disease 
whichj by reason of their extreme minuteness, are capable of passing 
through the very fine pores of the Chamberland porcelain filter. 

There is in the use of the term " ultra-microscopic " confusion 
of thought — confusion between microscopic visibility and micro- 
scopic resolution. 

It is not possible to contend that an element must attain certain 
dimensions and must subtend a certain angle before it becomes 
visible to the unaided eye or, as the case may be, to the eye armed 
with the telescope or microscope. Confining ourselves to the latter, 
it is indubitable that no object can be too small to figure in 
the microscopic image. Provided only that it forms a distinct 
element in the microscopic object picture it must inevitably be re- 
produced in the microscopic image. 
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It is, on the other hand, possible to contend — and the contention 
has been supported by weighty authority— that quite apart from the 
defects attaching to individual microscopes there is in each caae an 
untransgresaable limit of resolution — a limit which would make 
it futile to try to resolve with the microscope a ruling of lesa than 
a certain periodical interval, or, in the parallel case of the 
telescope, to resolve a double star whose components happen to 
Bubtend less than a particular angle. 

2. Theoretical limit of resolution. 

The conception of a theoretical limit to microscopic resolution 
was developed for the first time in the work of Helmholtz. Helm- 
holtz takes his departure from the conception that a limit mujst be 
imposed upon microscopic resolution by the fact that the autipoint 
figures corresponding to neighbouring points in the object must 
sooner or later overlap in such a manner as finally to give, instead 
of separate images, a homogeneous, uniformly illuminated, surface. 
Helmholtz'a argument^ may be thrown into the following form : — 

(1) Every radiant point is represented in the image by a 
false disc J whose dimensions, are, in the case of a circular 
aperture, furnished by the formula- — 

Radms of false disc = — 

n.a. 

(2) The distance between the centres of the false discs, as 
measured upon the image, corresponds to the actual distance 
which separates the points of origin of the beams in the object 
multiplied by the magnifying power of the optical system. 

(3) Where the false discs overlap, the light of the one 
will simply add itself to that of the other. By reason of such 
summation, resolution will become impracticable as soon as, if 
not before, the point is reached when the false discs overlap 
to such an extent that the outer edge of one diac falls upon the 
centre of the adjoining one.^ 

(4) The minimum distance at which objects can be disposed 
consistently with their separate resolution in the microscopio 
image will be arrived at by dividing the radius of the fabe 
discs as laid down in the ultimate image by the magnifying 
power of the system. 

I I am indebted for tlie analyBis of Helmholtz's renaoning, which I here 
set down in a somewhat differ*«Tit form to Mr, Gordon's paper On the Htlm~ 
hoUz tiieory of the microscope (Journal of the Royal MirTObcopical Society^ 
1003). 

' Vifh pp. 110, 111 and footDote to p. lll>. 

' As for instance in Plate IX, Fig. 3, C. 
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This conclusion may be thrown into mathematical form as 

foUowa : — 

/ * TTi.' ^ 1- -^ * 1 J.- radius of the falsa disc 
(a) Ultimate hrait of resolution ~ — , 



magnifying power of system. 
This, since the radius of the false disc corresponds in the case 



of a circular opening to 



0-6 K 
n.a. 



, may be written — 



(6) Ultimate limit of resolution = 



0-6 \ 



n.a. X magnifying power. 
Again, since, as we have seen in Cap. VII, svbseci. 35, n.a, x 
magnifying power = N.A., we may write the formula as follows : — 

0-6 X. 



(c) Ultimate limit of resolution = 



N.A. 



The significance of Helmholtz's conclusion emerges bjb soon aa we 
see it in this shape. We recognize that microscopic resolution is, 
according to Helmholtz, a function of the N,A. of the objective. 

Before discussing the premisses upon which this conclusion is 
baaed it wUl be convenient to adduce examples to illustrate the 
method of calculating by the aid of Helmholtz's formula, the re- 
solving power of an objective of particular aperture. 

Example i. Required the ultimate limit of reaolution for an objective 

possessing a N.A, of 1-4. 

Taking here, est elsewhere>, the value of * aa 0-0006 mnv., 0-C X will be 0-0003(}, 

0-00036 
and the ultimate reeolving power of the objective — = 0'00025 mm. 

(0.25 m). 

Example 2. Required the ultimate limit of reaolution for an objective 

which possesses a N.A. of 0'3. 

, . , , . 0-00036 
Ultimate limit of resolution = ~ = 0-0012 mm. (1-2 ij). 

Z. Question as to whether the limit of Helmholtz Is the untrans- 
gressahle limit of resolution. 

Before attacking the problem as to whether the limit of Helm- 
holtz represents the untransgressable limit of re-solution, it will be 
well to appreciate the full strength of the argument which can be 
adduced in support of the position taken up by Abbe and others, 
who are in reality in this matter followers of Helmholtz. 

Their position rests not alone upon the theoretical argument which 
has been set forth above, but also upon the fact that the limit of 

A* A \ 

resolution as assigned by the formula corresponds very closely 

with the limits of resolving power as actually' encountered when 
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objects are viewed by the unaided eye, or, as the case may be, by 
the microscope. 

We have already {Cap, X, subsec. 10) dealt with the unaided 
eye. We may here confine ourselves to the microscope. 

Working with the beat objectives, e.g. with Zeiss' apochro- 
maties of 1"4 N.A., the microscopist will generally find that he 
reached the extreme limits of bis resolving powers when he has 
succeeded in resolving rulings which lie 0-25fi apart, i.e. about 4,OCK> 
to the mm. (100,000 to the inch). 

This striking agreement between the results of calculation, a8| 
given above in Example 1, and the result of actual experiment has 
very naturally procured for the Helmholtz theory wide accepta,t ion. 

The wide acceptation of the theory does not, however, absolve 
us from the necessity of inquiring into the cogency of Helmholtz's 
argument, and, in particular, into the validity of his two underlying 
assumptions : (a) that the dimensions of the antipoint, as laid down 

6\ 



in the image, are those furnished by tha formula 



N.A. 



and (&) 



that there is, in the regions of the image where adjacent antipointa 
overlap, a simple summation of the light. Each of these assump- 
tions has been challenged. 

Mr. Gordon has insisted that the antipoint which comes into 
consideration in connexion with the resolution of the image is not 
the theoretical antipoint whose dimensions are furnished by the 
formula, but the conspicuous antipoint whose dimensions are always 
— except as in the case of extremely brilliant illumination — much 
less than those of the theoretical antipoint.' 

Lord Rayleigh has further pointed out that the independence of 
phase, which is a sine qua, non of the summation^ of the light of over- 
lapping antipoints, would not be obtained in the case where beams 
derived from adjacent radiant points follow in the microscope 
paths which intersect under a very acute angle. 

It is thus manifest that the postulates of Helmholtz cannot be 
accepted as assured. 

This is not all. There is gradually accuniulating a body of 

^ It will bo remombered in this connexion tliat we have already, in 
Cap IX, Appendix I, Es^perimetUs 2 and 3, eeen evidence! of the correctneea 
of Gordon'B contention in the fact that a ayatem of rulings which yields 
when illuminated by direct sunlight an unresolved image, furnishes on the 
reduction of the illumination a perfectly well reaoh'ed image. 

' A Bumination effect bucIv as is liere in question is in Plate IX, Fig. 3 C, 
represented in the rcgiona where the lateral discs overlap the central disc. 
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evidence, derived from trustworthy microscopic observers, which 
goes to show that objects whose elements lie beyond the theoretical 
limit of Helmholtz have on many occasions been satisfactorily re- 
solved by the raicrosope. 

4. Question as to the real nature of the limit to resolution which is 
encountered by the microscopist in connexion with the employment of hi^h 
magniflcatlons. 

If the Helmholtz theory is to be abandoned, it will be aeiked 
whether any other explanation can be furnished of the fact that 
both in the case of the unaided eye and when working with the 
best microscopic objectives, difficulties in the matter of resolution 
are encountered as eoon as the limit of Helmholtz is arrived at. 

There is not, in point of fact, any difficulty in suggesting an 
explanation of this circumstance. We have to realize that there 
are three different factors which may interfere with microscopic 
resolution ; that each of these separately may place a limit upon 
resolution ; and that all three of these will work in conjunction 
to impair resolution as soon as we advance to high magnifications. 

The three impedimenta to resolution just referred to are ; (a) 
diffusion, (b) conspicuous antipoint, and (c) obfuscation in the eye. 

The last two of these are, as we have seen, directly referable 
to the contraction of the beam which is associated with high magni- 
fication. The first also, which is primarily dependent on defective 
correction, may be brought into relation with the contraction 
of tlie beam, inasmuch as further progress in the direction of 
the elimination of diffusion is in each case arrested as soon as 
conspicuous antipoint and increasing obfuscation in the eye 
interfere with the detection of uncorrected errors in the objec- 
tive. 

6. Is It possible to advance to a higher limit ot r^olntlon than that 
attMned by the present optical arrangements? 

It win be obvious to consideration that the advance to a liigher 
limit of resolution will be conditional upon the successful elimina- 
tion of the impediments to resolution enumerated in the last sub- 
section. Further, it will be plain that these impediments will te 
removed only if it proves possible to open up the terminal beam. 

6. On Gordon's method of opening up the beam before it is delivered 
to the eye by the microscope. 

From the time when the disadvantages which follow from the 
excessive restriction of the terminal beam were first recognized, 



33i 



PRINCIPLES OF MICROSCOPY 



the eflforta of opticians have been directed to opening up that 
beam. The introduction of oil-immersion lenses, and, in par- 
ticular, the progressive increase in the numerical aperture of 
objectives which was inspired by Professor Abbe, are to be 
regarded as steps towards the attainment of this end. With the 
attainment of what has abeady been attained in the direction o* 
the opening up of the numerical aperture of the objective, and with 
the acceptance on the part of opticians generally of Helmholtz'^ 
theory, which seemed to proclaim all efforts in the direction of 
further microscopic resolution as vain, unless objectives of larger 
N.A. could be achieved, the development of the microscope seemed 
destined to come to a definite standstill. 

Only recently has a new prospect been opened up. Mr. Gordon 
has called attention to the overlooked fact that besides the method 
of expanding the numerical aperture of the objective and admitting 
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a larger beam into the microscope, there is yet another method by 
which the terminal beam may be opened up. The beam may, as 
it was given to Mr. Gordon to discern, be opened up subsequent to 
its admission into the microscope ; and it may be opened up to 
such an extent as to allow of any desired magnification being em- 
ployed. 

Mr. Gordon's suggestions have taken shape in his tundem micro- 
scope. The essential features of this mJeroBcope are as follows :■ — 

(1) The image which is furnished by the objective and field 
lens is received upon a finely ground glaas disc which ia 
disposed in the image plane of the objective field lens com- 
bination. 

(2) In the course of its passage tlirough this screen the beam 
is opened up by refraction, so as to follow the path indicated' 
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in the diagram by the unbroken lines, instead of the path 
indicated by the broken lines. 



Th 



the 



that 



function liere subserved by the ground glse 
subserved in the c&se of the photographic camera by the focussing sscreen 
and in tiie cane of the projection lantern by the canvas on which the magiii- 
fled image is projected. 

(3) The beam thus opened out h received into a second 
objective, which is mounted behind the first objective and 
field lens. 

(4) This second objective is surmounted by an ordinary 
eye piece, which brings to focus upon the retina the image of 
the object upon the stage of the microscope, in association 
with the image of the screen, which is disposed in the terminal 
focal plane of the first objective field-lens vista. 

(5) From this composite image there ia deleted, by a special 
device, that element in the composite image which is referable 
to the grain of the ground-glass screen. 

It will be recognized t-liat if in the case of the iraage furniBhed by the 
projection lantern on a canvas screen the grain of the screen can be neglected, 
it can in this ease be neglected because the intage ia vi«M'ed with the unaided 
eye and not through a magnifying system. 

(6) The device which ia employed for this end is the device 
of setting the screen in motion in an appropriate manner. The 
details of the mechanism, which is employed for this purpose, 
are explained and illustrated in the Appendix which Mr. Gordon 
has very kindly supplied for this Chapter. 

7. Appraisement of Mr. Gordon's achievement. 

Mr. Gordon's achievement can be properly adjudicated upon 
only when it is clearly reaUzed that the method he has proposed 
is not a method for remedying diffusion by perfecting the correc- 
tions of microseopio objectives, but a method for eliminating from 
the retinal image those defects which depend upon the contraction 
which the beams, which take origin upon the stage, undergo in the 
course of their passage through the microscope. 

It follows that in appraising Mr. Gordon's achievement we have 
to take into account only two questions ; first, the question as to 
whether the ground-glass screen wliich he employs does, or does 
not, open up the transmitted beam in such a. manner as to purge 
the retinal image from conspicuous antipoint and obfuseation ; 
secondhj, the question as to whether the movement wliich is 




I 



I 

I 
I 



imparted to the screen does or does not sfttiafactorily eliminate 
from the composite image on the retina all those elements which 
are derived from the grain of the screen. 

On both issues the answer must be in the affirmative, 
Mr. Gordon has repeatedly demonstrated, both at the Royal 
Microscopical Society and elsewhere, that it is possible by the aid oC 
liis apparatus to obtain, in association with magnifying powers of 
10,000 diameters and over, retinal images which are absoIut«ly 
free from obfuscation and conspicuous antipoint. Again, upon 
occasions when the mechanical appliances for imparting move- 
ment to the screen have been working satisfactorily, he has been 
able to show that the structure of the screen maij be, all but 
absolutely, obliterated from the retinal image. 

Inasmuch as the retinal images cannot be photographed, the 
evidence cannot be reproduced. But there can by superposing a 
camera upon the eye lens of the microscope be furnished here 
images which conform with the retinal images in every respect 
except only in the matter of the blemishes which are imported into 
the picture during the passage of the very narrow beams through 
the observer's eye. On Plate XVII f are photographs of one 
and the same group of typhoid bacilli taken by the aid of Mr, 
Gordon's microphotographic apparatus ' employed in connexion 
with his tandem microscope. 

In A, where the ground-glass screen has not yet been introduced 
into the microscope, and where consequently the aperture of 
the beam which emerges from the eye lena is reduced propor- 
tionately to the magnification, we have scattered all over 
the field of the image black spots surrounded with diifraction 
rings. These spots and diffraction rings are derived from inipal- 
pably fine particles of dust on the surface of the eye lens. Thej 
acquire the prominence they have here by reason of the fact that 
they lie athwart extremely narrow beams. 

In I), where the ground-glass screen has been introduced int 
the barrel of the microscope, attention is immediately arrested b^ 
the fact that a magnified image of the grain of the screen is no^ 
superimposed upon the picture. To be noted also in connexioi 
with the picture is the fact that the shadows and diflfraction.] 
patterns derived from the dust particles on the eye lens hai 



^ Tlie apparatus liere in question is constructed upon the principles of 
the eikonoineter — the micrometrical scale of tliftt apparatu« being replaced 
by a, photographic plate. 
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entirely disappeared. Their fading out is the result of the 
opening * out of the transmitted beam which is aecomplished by 
the ground-glass screen. 

In E the ground-glass screen has been set in motion in the barrel 
of the microscope, the resultant picture corresponding exactly to 
D except only in the respect that the grain of the ground-glass has 
been effaced from the image by the movement which has been 
imparted to the screen. 

It is to be noted m conclusion that the difference between the 
retinal images which are obtained with very high powers, employed 
with and without the Gordon screen, cannot be fully ganged by 
comparing the photographs A and E. In the case of the image 
furnished by the contracted beam (A) there would be superposed 
upon the image, as we have seen in Cap. XII, suhsect. 18, an entoptic 
picture such as is shown in B.'= The difference that this would 
make to the retinal image can be learned on turning to C, where by 
composite photography the entoptic image B has been superposed 
upon A. In the case where, as in E, the image is produced by an 
expanded beam the entoptic picture m-ould be quite inconspicuous. 

The difference between C and E on Plate XVIII may thus 
be taken as corresponding to the difference between the retinal 
images obtained with and without Mr. Gordon's oscillating ground - 
glass screen. 

d. Question as to whether Mr. Gordon's achievement open5 up a 
prospect of an advance towards increased resolving power. 

It having been made clear that Gordon's method aims at 
objects other than an increase of the resolving power of the lenses 
which we have at present at disposal, and that it achieves those 
objects ; there stiU remains the question as to whether it is likely to 
carry us on towards the achievement of a higher limit of resolution. 

In this connexion the following may be considered. — Tlie 
optician who is endeavouring to learn whether his objective is pro- 
perly corrected by examining under high magnification the image 



* The opening out of the beam b attested to the observer who 
is dealing with the tArideni microscope by the fact that the Rainsd^n 
disc of the eye Ions (^xpandH &s soon an tlie groiind-glasa screen ia placed 
in position. 

' We have seen above {Cap. XII, subject. 18) that a projection picture 
of the pupillary aperture such as ia alwrni in Plate X, Figs. 4 and 6, and 
Plate XVIII, B, ia obtained whenever the microscope delivers a homocentric 
system of very narrow beams to the eye. 
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which is furnished by his microscope is in reality in much the same 
plight as a man condenmed, in selecting spectacles for himself, to 
view his test objects through a pin point aperture placed in front 
of his pupil. Clearly the glasses that would be chosen by a man 
working under these disadvantages would much less adequately 
correct his eye than those he would have chosen if he had been 
working with unrestricted pupil. 

Basing ourselves upon this, we may reasonably anticipate that 
when the optician comes to scrutinize his highly magnified micro- 
scopic images under the more advantageous conditions which can 
be realized by the aid of Mr. Gordon's apparatus, he will find it 
possible, by still further refining upon the corrections and 
adjustments of his lenses, to supply an objective which will, 
when employed in connexion with Mr. Gordon's microscope, 
achieve a higher limit of resolution than has yet been attained. 

Appendix to Chapter XVI. 
The subjoined figure below illustrates the " tandem " microscope, 

provided with an oscillating screen, which has been referred to 

in svbaect. 6 and 7, supra. 

The microscope proper, 
marked il in the diagram, 
is of the ordinary con- 
struction, provided, how- 
ever, with a clamp, not 
shown in the diagram, 
which grips the rack and, 
resting upon the top of 
the pillar P, supports the 
weight of the second mi- 
croscope, which otherwise 
would tend to turn the 
pinion of the coarse ad- 
justment and disturb the 
focus of the instrument. 
This is rendered necessary 
by the weight of the 
Fio. 96. added parts. 

These added parts consist of the tube and objective and ocular 

of a second microscope B, which are mounted in place of the eye 

lens of the principal microscope A. Thus, the image formed in the 
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image plane of the principal microscope is viewed in this arrange- 
ment not through a simple eye lens, but by means of the com- 
pound microscope B, and therefore under greatly increased magni- 
fication. The microacope B fits by means of a screw, or other 
convenient means of attachment, over the connecting piece C 

This connecting piece G takes the place of the draw-tube in the 
ordinary arrangement of the microscope, and is indeed a draw-tube 
of special construction. That is to say, it carries the field lens of 
the principal microscope in the usual position, and has a gap, shown 
on the right-hand side of the diagram, through which the oscillating 
screen and the end of the arm by which it is carried can be admitted 
to the tube of the instrument at the level of the image plane of the 
principal instrument. The eye lens, removed from the ocular of 
the principal microscope to make way for the added instrument, 
is mounted in the ocular of this secondary microscope B. Thus 
the total magnifying power is increased by the magnifying power 
of the added combination, that is to say, of the combined objective 
and field lens of the second microscope. This may be taken to 
amount for a short tube length, such as is suitable for this instru- 
ment, to X 6, for, say, an added object glass of 4 in. focal length. 
Thus an instrument which with a mere eye lena would give a 
magnification to the eye of x 1,000 diameters, may in this way 
be increased to a power of 6,000 diameters. The upper microscope 
is focussed by means of the focussing ring F. 

It will be understood that no ordinary microscope will stand a 
magnifying power approaching to G.OOO diameters. In fact, micro- 
scopes apart, no human eye will st^nd such power under ordinary 
conditions of presentation. The structure of the crystalline lens 
and floating and other opaque particles in the eye become so verj' 
manifest, that the image so formed is wholly unserviceable, and 
^■technically known as " rotten." To get over the difficulty so 
arising, a diaphanous screen is introduced into the image plane 
^within the connecting member C, and receives the image formed 
^fhy the principal objective. This screen, which may be of finely 
ground glass, breaks up the optical system and spreads the trans- 
mitted beams of light over a wider angle than the angle of the 
incident beams. Thus the optical system of the upper instrument 
starts from a new datum, the angle of the light supplied to it being 
quite independent of the magnification effected by the principal 
instrument, and determined only by the dispersive power of the 
grain of the screen and the light-gathering power of the second 



objective. Thus the final image exhibited by this piece of 
apparatus is just as easily visible and as free from adventitiotw 
features as an image of lower magnification. 

The diaphanous screen which effects this transformation i» 
carried by the tripod D, provided with padded feet and elastic 
supporting connexions for the purpose of cutting off vibrations 
from the stand. Within the supporting ring of this tripod stand 
are various interior rings for giving the necessary movementa in 
height and azimuth, to enable the arm E, which carrier the screen, 
to be adjusted in position. This arm is movable in rotation about 
the axis of the supporting ring of the tripod stand, and has an 
elbow joint at e, so that its free end can be introduced into the 
microscope tube (as shown in Fig, 96), or silting clear of it at the 
obi^erver's option. The rijig d operates a screw for finely adjusting 
the level of the arm, and, therefore, of the screen when in use. 

In order to obliterate the grain of the screen, it is kept in motion, 
and for this purpose a motor M is carried in the axis of rotation 
of the screen-carry ing arm. Elastic bands transmit the power from 
the driving pulley of the motor to a driven pulley carried at the 
free end of the arm. The detail of this mechaniBm is shown in 
Fig, 97 below. 

Here P is the driven pulley, mounted on a perforated stud S> 
Through the lumen of this stud the image-forming beam of the 

principal microscope passes, and on 
its flat top the ground-glass screen 
rests. The pulley P carries, as 
shown, an eccentric ring R, made of 
a diameter to receive the diaphan- 
ous screen in a loose embrace. 
As the pulley revolves this ring 
will therefore pull the screen round 
with it, but without lifting it from the surface of the stud. The 
friction of this latter will therefore cause the screen to revolve 
backwards within the ring, and the whole result is that no 
point upon the screen moves in a closed path, and therefore the 
whole becomes invisible at a very moderate speed of rotation. 
With a half-inch objective it is found that from seven to ten 
revolutions a second give a very satisfactory picture to the eye, 
and that very much slower speeds— depending, of course, upon the 
intensity of the illumination— and. by consequence, upon the time 
of exposure-^sutfice for photo-micrography. 
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image obtained nn tomiinal plane 

of 87-88 1 dote rminiit ion of 

Boale tif image by dividing nunieri- 
t'al aperture of upening angle by 
numerical aperture of closing 
angle, and examplwi, 88-88 ; 

prngraBsi\'e intLgEufication in 

OBBociated with pragtwisi\'e eon- 
striction of the transmitted beam, 
SO, D3-fl4. Se* also Voneattna- 
tion of vittat. 

CaiiAtic!^ — 05. 

Centring cap^lSO. 

Centring — purport and method of — 

the coadoiiBur, 17St ; of the 

objec?tive, 194-105 : importance of 
-in connexion with tho achieve- 
ment of ft critical imftgd, 2"2'J-223. 

Chromatic aberration — 9S-tt9 ; method 
of correcting — — -99. 

Chromophor— definition of 34; classi- 
fication of -9 into arid and 

basic, 34. 

Clearing of microscopio scjctions — defini- 
tion of 3 1 ; illuatrative eipori* 

menta, -29-30. Eaqa. 3-7 ; method 
of clearing where interBticBB are 
tilled (a) with air, {h) with watw, 
31-32 ; omptoymont of alcohol, 
oil of Dlo%'e» and Canada balsain 

for 31-32; popular error aa 

to clearing agents, 32. 

Colour picture {synonym, ptire colour 

pictvuo) — definition of S' ; ex- 

pt'fimenta on production of 

pure 23, Exp. 3 ; fallafiea 

which inny f.»e associated with — 

fferimder Fallaritti ; obtained 

where object is inoiuitrd in a 
ineditmi of equal refractive 
index Eind where objects are 
illuminnUxi at one and the fjnme 
time by obUquo and axial rays, 
18, Expe. 3-4. 23, Exp. 3 ; 24. 
Exp. I ; — — is only form of stage 



picture which can be achje\'etf 
where the elements in a micro- 
scopic preparation are piled one 
upon another, 30-31 ; method of 
obtaiiung colour picture by stain- 
ing, Chap, TV pattim ; can bo 

achieved only where dyea are 
available which have with re8pf»ct 
to the microscopic object* which 
are to be depicted elective chemical 
afflnities, 40 ; disadvantages and 
itnperfectiona which are a4eociate<{ 
with — — 44—45 ; the open- 
ing Up of the numerical aporturo 
of tlitt condtvnser which \b favour- 
ablo to achievement of this' form 
of stage picture is favourable aloo 
to achie\-oment of a critical image 
of the stage pictiu^, Chap, XA". 

Combined outline and colour pictuip^ 

definition of 3 ; fatniliar 

exaraplea of 4 ; disadvtui- 

tages of in caee where 

meaaureenent^ are to be made, 0, 

21, Exp. 4 ; ^ obtained whore a 

coloured object which is mounted 
in a incdiuru of less refractive 
indeic is illuminat'ed by luminous 
puint-B which radiate light under 
a very small angle, 18, Exp. 3. 
This fonn of Btogo picture to l>e 
u\oiiied, 4— ft, 

Conipumstition oculars — 100. 

Concat«uatiun of \-istas — See under 
Cate»m of viatas, 

CotideiLser (Substage) — method of 

fociissing 1 73-179 ; method 

of centring 179, 180: 

method of imniorsing 180, 

181 ; focal length of -— 181 : 
method of measuring focal length 

of ISI ; numerical apertuft* 

of 181, 182; limitation of 

Ttumerical aperture of wher? 

emploj-od sa a dry system, 183 i 
method of ineoauring numeri- 
cal aperture of 182-183; 

method of obtaifiing from th» 
Abbe condenser a widor beam 
that corresponds to numerical 

aperture of 183-184; «>rrec- 

tions of I8i>-18fi; method 

of teeting comsctioas of 187; 

principles in accordance with which 
the working fiporture of the con- 
denser ought to be regulated. 223— 
224, 

Condenjser vista — See Twla of th^ *t/A- 
M0ffr condrn»fr. 
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Contrast in the microscopic imoge^ 
loBt by overlap of unti points, 11 1, 

CJorrection collar — See under Objective, 

-Correctiuns fur spherieal aberration — 
97, B8 ; for chromatic aberration, 
^9 ; — — in iichroinatic objec- 
tives, W : in ftpochro- 

lutvtic i>hjnct)ves, 8tl. 

Co%'ergla88 — )iit>tliud of (correcting (or 
different tiiickneaaas of — 201, 

226 ; effect of in diniorting 

the opening limb of the objective 
vieta, lOl J oinploynwint iif — — 
oblig^t-ury in cunn(?:>£iun with 
dry object! v*»a, imnefassury in 
connexion with oil iinniersion 
objectives, Ifii3. 

Critical image — udjiiatinonts for auhieve- 
ineint of Cap. XV', regnlation of 
source of illiirainotion, 219 ; cen- 
tring of eoiideJiser of 222, 

223 ; regTiiation of apertiire of 
conde'iiaer, 223, 224 ; choice of 
ubj active , 224 ; choice of ocular, 
227. 

Cylinders of coloured and imcoloured 
glasH for optical experirsients — 
m<Jthod of niftking 1 1. 

Dosk ^ouncl illumination — obtainable 
both by the ofdinarj' arrange- 
ment {'* the MTBngemient by 
which the prepiratiun i« illu- 
minated by hollow (Hid inirtgwi 
by solid beama") und by the 
" arrangement by which the 
pn^paratton Is illuminated by 
aolid and imaged by hollow 
beams," 211-213; employinont 
of the former arrangt^meiiit in 
(jonnexton with Iow-p*)Wpr narrow- 
nngled objectives, 20, Exp. 2 ; 
employment of the lutt*r arninge- 
ment in connexion with narrow- 
angled low-power objectives, 214 ; 
nrapioyine ii t of t he f o rmer arrange- 
ment in connexion with wide- 
angled liigh-power objectives, 
214, 2lo ; method, of Siedentopf 
and Zsi^mondi, it variant of this 
arrangement, 215, 210 ; claim 
that this method reveals elements 
of ultra- microscopic minutenfi^ 
criticised, 229 ; employment of 
the " arrangement by which the 
preparation ia illuminated by 
solid and imaged by hollow 
beams ' ' in cormeiiion with ivide 
angled high power objectives, 21 6, 



217. Set alao Bright otitlint 
pieture. 
Dark outline pietnre — definition and 
familiar examplea of - — 3, 4 ; 
experiments on prnduetian of 

in cubo of juftcroscopic ob- 
jects, 12 ; in CAse of microacopie 
objects placed on stage of micro- 
scope, 20 ; fallacies in ixinnexion 

with ace under Fallacies ; 

defects of coneiderud a« a 

Mtage picture, 40-44 : adjuat- 
inentB of condenser rwjuiretl for 

development of — 172; the 

restriction of the numerical aper> 
ture of the condenser whicli is 

essential to deveiopnwnt nf 

is inconsistent with develop- 
ment of a critieat image in 
association with high magnifica- 
tion. Cap. XV. 

Dark puinta producixl in crenate<l red 
blood corpuBcles by deflection of 
light, prxiBibility of cnnfuBing 
these with granular pigment, 44. 

Dehnition — meaning of as em- 
ployed in connexion with the 
raicroaeopic image, M note. 

Definitive focal plane — aliaence of ■ — -^ 
in ca«e of dark ovitline picture, 41. 

Derivative pictufe— definition of 

7 : possibility of conftwion with 
fundanienlal picture, 41. Se* 
alao tinder Fallaey of mi»prUwti 
of foeua. 

Diupltragraa — aubatAge diaphra(;ni8 — 
iris diaphragm, Ititi ; retro- 
objective dinplirngms of Abbe 
employed in connexion with the 
utudy of diffraction, 112-113, 
124-129; Abbe'a retro-objective 
diaphragm with three &lit openings 
functions as diffraction grating, 
123. See also imder Siopg. 

Dtatoma — uae of lyitest ohjecta for prov- 
ing of objective, 203. 

Differential »taining^37, 38. 

Differentially light<od picture — 12, Exp. 
4 ; niiumer in which the picture 
is produced, 17 ; 21, Exp. 5. 
Ste also under Jthtinberg. 

Diffracted beama — lOti, 

Diffraction, theory of — See under Un- 

duU^i^n theory ; in aperture 

of leoa. Cap- IX ; effect of 

on the rtiisolution of the image, 
112 : experiments showing effect 
of on resolution, 112-116; 

aa producing spurious detail, 
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116-120 {see also under Fallacies 

referable to diffraction) ; 

occurring in object plane. Cap. 
IX., Appendix I. 
DifiEraction grating — advantages of a 

over a simple aperture for 

study of outlying elemento of 
antipoint, 116; experiments 

with 117 ; dimensions of 

antipoint furnished by 118, 

1 19 ; simple form of ruled 

with 400 lines to the inch (six- 
teen lines to the millimetre) sup- 
plied with this book ; more 

permanent form of same 

obtainable from Messrs. Sanger 
Shepherd, Gray's Inn Place, 
London, W.C. ; method of 
measuring magnifying power 
by aid of a 12&-131. 

Diffraction pattern — definition, 106. 
See also Antipoint. 

Diffraction patterns — ^produced by dust 
on eye lens, 228. 236. 

Diffraktionsplatte (Abbe) — See Abbe 
diffraction plate. 

Dioptric beam— definition of 106. 

Doubling of rulings — See under Fallacies 
referable to diffraction. 

Draw tube and barrel of microscope — 
length of in Standard Eng- 
lish pattern, 205 ; in Continental 
pattern, width of 205, 206. 

Dust on surface of coloiu«d microscopic 
specimen may give rise to fallacy 
under infiuence of subjective 
colour contrast, 45. 

Eikononieter — description of author's 

145, 146 ; method of em- 
ploying the for measturing 

the magnifying power of the 
simple microscope, 146, 147; pro- 
cedure for measuring by the 

aid of the the magnifying 

power of the compound micro- 
scope, 163, 164. 

Elective affinity of stains for particular 
tissue elements — 35. 

Emery paper — use of in connexion 

with preparation of dried blood 
films, 22. 

Entoptic picture and conditions luider 
which it is obtained in connexion 
with unaided eye — 140-142 ; 

superimposition of upon 

the microscopic picture, 167, 
237 ; critical image obtained 
only when by opening up the 



beam which is delivered to tbo 
eye, provision is made for sop- 
pressing the entoptic picture, 
222-225 ; limits are imposed 
upon microscopic vision by the 

increasing prominence of 

which is associated with hi^ 
magnification, 94, 233. Mr. 
Gordon's device for openini; up 
the transmitted beam achieves 
effacement of 235-237. 

Equatorial plane — See Apertural ptane. 

Eye — See Unaided eye. 

Eyelashes— obstructive interference by 
137, 138. See also 167, 237. 

Eye lens and eye vista — 167-159. 

Eye vista — See Eye lens and eye vista. 

Fallacy of misprision of focus — defini- 
tion of 7 : examples of 

7, 8, 42, 43 ; in con- 
nexion with diatoms used as 
test objects for proving objective, 
203-204. 

Fallacy of subjective coloiu* contrast — 

definition of 8 ; conditions 

imder which may occur, 

9 ; examples of 12, Exp. 

6, 21, Exp. 6, 30, Exp. 4, 45 
(a) and (6). 

Fallacy of mistaking dcu'k points due to 
deflection of light for pigment, 
43, 44. 

Fallacies referable to diffraction — widen- 
ing out of rulings, 112-115; 
introduction of spurious detail 
into the image in the form of 
intercostal spots, 116, and inter- 
costal lines, leading to doubling 
and trebling of rulings, 120-123. 

False disk — definition of 106. 

Field of view — measurement of 81 ; 

restriction of by pupillary 

border of the iris when light 
enters the eye in the form of a 
homocentric beam, 140-142 ; 

restriction of in case of 

simple microscope by pupillary 
border of the iris, 148, 149 ; 

restriction of in case of 

compound microscope by pupil- 
lary border of iris where the pupil 
is disposed behind the Ramsden 
disk of the eye lens, 158. 

Focussing — importance of the focussing 
adjustment, 194. 

Fundamental pictures-definition, 7. 
See under Fallacy of misprision 
of focus. 
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Gordon, (J. W.) — suggestion for reduc- 
ing dimensions of liglit eource for 
achievement of critJoal ininge, 
221 ; dt*vit!B for opening up the 
beam when in transit tjjrough 
the iiitcroBcope, 233-*235 ; ques- 
tion aa to whether this device 
opens up a prospect of advance 
towiirda increasc*d resolving power, 
237, '233 : dntniled deBcription 
of hia tandem microscope, 238- 
240 ; suggestion for omployrnent 
at a rs^tro -ocular central spot stop 
for achiovement of dark ground 
ilhmunHtiuns, '217 ; explanation 
*if doubliug of ndings by the 
treblo slit diaphragiu of Abbe 
apparatus, 123 ; photoraicTo* 
graphic iipparatMS, 2D3 note, 

Homooentric beam — definition of 

140; condition* under which 
obtained, ItO, 149, 107 («ee also 
Entoptic picture and ProjteHon 
picture of Iht pupillary aperture}. 

ImajBEe — eeapntiul element in form- 

atieii ia taulatiun of light derived 
from any objet't from light de- 
rived from surrounding objects, 
51. See SitHple aperture image 
and Lena image. 

Iinmerston objectives— ad vantagea of 

192-103, 

Immeriion of the condenaer— .^ee under 
Condenser. 

Itanieraion medium — effect of on im- 
mersion medium of high re- 
fracti\*o index, on the focal length 
of the lena, 74 ; aUowaaoe ia 
to be made for thii artifieial 
lengthening out of the focal 
length in CaJcuIatin^ nvmerica] 
aperture of lens, 74—75 : See 
ttlao under Immetirion obfective*. 
Immersion of ilie condenatr and 
under Caverjjlaas, 

Intereoatal lines — 115; development of 

in Bueh a manner oa to 

produce doubling or trebling in 
A periodical ruling, 120-123; 

employment of for purpoaee 

of measuring the magnifying 
power of a lens ayatem, 120-131. 

Intercostal spota^ 1 1 6- 1 1 B • experi- 
monta on production of — — 116, 

Interpenetrating viataa — definition of 
— — 78 ; influence of aperture 
upon the images formed in 



interpenetrating point viataa, 
78; and interpenetrating surface 
vistas, 82-S5. 

Intruflive vistae — vide Inttrpenetraiinff 
ttistas. 

Invertiion — (in the senile of change from 
dark to bright and vice vors&, 
taking place on altering the focus) 
8, 43, £]rp. 3, 4 and 5. Ste also 
Fallacy of miapriwion of focue, 

Inveraion — (tn the aenae of the repre- 
sentation of an upright objeot 

by an upside down image) 

in simple aperture image, 52, 
Exp. 1 ; in Jena image, 05 ; 

in a catena of vistas, 87 ; 

in the unaided eye, 133 ; 

psychological factors in con- 
nexion with thia last, 133 ; - 

in simple micmarope, 143 : 

in corapoimd niicToacope, 151- 
1G4. 

Invisible pathogenetic nu'ero-orgaaiema 
— explanation of their invisi- 
bility, 47-4 B. See also under 
Ultra-microteopic elements. 

Iris diaphragm — 169. See abo vmder 

Stapi ; ftiTangpment of for 

obtaining oblique illumination 
from, 17L 

Jenner's stain — 37. 

Koch, R. — clasaification of niicroaoopto 
pictures, 3 note, 

Lagrange disk— See Surface viata {opIicQl 
anatomy of). 

Leiahman's stain, '24. 

Lens imajt^e^-effect of lena on courae of 
beam, 63 ; effect of Lena on con- 
figuration of beam, 64 ; re- 
semblanoe between simple aper- 
ture and lens iTn>iges in the 
matter of magnification ochieved, 
66-67 ; difference Ijctween simple 
aperture image and lens imags 
in the matter of resolution in 
plan, 67, 68 ; in the matter of 
resolution in depth, 88-69 ; 
imaging of elementa concealed 
from a direct view s charac- 
teristic feature in the — ^- 70. 

Light source, adjustnient of — See under 
Critical inttige. 

Limitations of microscopic achieve- 
ment — discussion of coinpara- 
ti%'e importance of the limita- 
tions which have reference to 
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development of stage picture and 
limitationa which have reference 
to development of a magnified 
image of the stage picture, 4&-48. 

Limits of microscopic resolution — 
Helmholtz's theoretical limit of 
resolution, 230-231 ; criticisms 
of by Gordon and Lord Rayleigh, 
232 : Impediments to micro- 
scopic resolution (a) diffusion, 
(6) conspicuous antipoint, (c) ob- 
fuscation, 233. Gordon's device 
for opening up the beam when 
in transit through the micro- 
scope abolishes " conspicuous 
antipoint" and obfuscation and 
may in this manner pave the 
way to a further reduction of 
diffusion. 

Limits of microscopic vision — See under 
Ultra-microscopic elementa. 

Magnification — obtained by a vacant 
aperature is the same as that 
obtained by a lens armed aper- 
ture, 66 ; conditions which de- 
termine the scale of simple 
aperture image, 62-64 ; methods 
of arriving at the magnifying 
power of any vista, 80-81 ; 

methods of measuring ob- 

tcuned with the simple micro- 
scope, 144-145 ; for measuring 

obtained in objective vista 

of the mcroscope, 166 ; for 

measuring obtained in eye 

lens vista, 158, 159. 

Magnifying power of objective — See 
under Objective. 

Signifying power of ocular — See imder 
Ocular. 

Magnifying vista — 79 ; optical anatomy 

of 80 ; formulae for arriving 

at the scale of the image, etc., 
81 ; application of these for- 
mulae, 81. 

Microscope — optical anatomy of 

167, 168. See also Viata of 
nhttage condenser, Vista of ob- 
jective, Vista of eye lens. 

Microscopic slides — effect of the in 

distorting the closing limb of the 
condenser vista, 190 ; and in 
disturbing corrections of any 
achromatic condenser, 186. 

Minifying vista — 79 ; optical anatomy 
of 80. 

Misprision of focus — See imder Fallacy 
of misprision of focus. 



Muscae volitantes — ^in connexion with 
unaided eye, 137, Exp. 6. See 
also 167, 233, 237. 

^..il.^-explanation of this symbol, 74. 
See also under Numo'ieal aper- 
ture. 

n.a. — explanation of this symbol, 74. 
See also under Numerical aper- 
ture. 

Nelson — suggestion for avoidance of 
difficulties associated with em- 
ployment of an extended source 
of illumination, 220 ; criticism of 
this suggestion, 221. 

Normal magnification (Helmholtz) — de- 
finition of 225. 

Numerical aperture — purpose served by 
this expression, 73 ; definition 

and explanation of 74, 76; 

N.A. and n.a., 74 ; method of 
cedculating, 75. 

Obfuscation — definition of 134 ; 

experiments on effect of in 

imaided eye, 136, 137. 

Object picture — definition of 3 ; 

classification of into dark 

outline pictures, bright outline 
pictures, colour pictures, outline 
and colour pictures, and pictures 
in relief, 3 ; advantages and dis- 
advttntages of different types of 

(a) from point of view of 

disclosure of objects which sub- 
tend only a smaU angle at the 
retina, 5 ; (6) from the point of 
view of the disclosiure of the con- 
figuration of the object in plan 
and relief, 6-6 ; (c) from point of 
view of their greater or less lia- 
bility to be vitiated in fallacy 

7-9. See also under Stage picture 
and under different types of 
object picture. 

Objective — function of 192 ; classi- 
fication of 8 into dry and 

immersion, advantages of im- 
mersion s, 193 ; method of 

employing immersions s,193 ; 

centring of s, 194 ; focal length 

and magnifying power of s, 

196-196 ; methods of expressing 

the magnifying power of b,I95; 

method of measuring magnifying 

power of s, 196 ; method of 

measuring apertural plane of 

(see imder Measurement of N.A.) ; 
advantages of large N.A., 197, 
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225, 234 : mflUBuromeni of N.A., 

198, tSO; correotionfl of 

200-201 ; correct ion collar, 201 ; 
prelimitmry t^anHidemtions in ron- 
nexion witli the testing of the 
accuraey of figuring iind of cor- 
rections of 201-203 ; method 

of testing 8, 203 ; choinpe of 

auiiable test objorta, 203-204 : 

N.A. of fis determining in 

rertHJn caaes tlie typf; of picture 
\ilucli is brought into view, 20d- 
211. 

Objective fhanpers of Ze-iss^SOS. 

Obstructing elements — efTutt exerted by 
theee in cttso of (a) simple aper- 
ture image', 5U, 70 ; (b] liens image 

generally 70 ; in wide or 

narrow point vistfta, 77 ; in caw 
of surface vjatas, 82~S4 ; method 

of detecting of in ftpertural 

plane of objective, 93; in 

liiicroBcopic preparationB, 29^31 ; 

in eye, 130, 137; in 

eye lena of ot-ular, 227. 298 : 

in tandem nilcroBcope, 230. See 
uUo Limitations of microMcopie 
roiolulion. 

Ociilnr^ — Huygheniun 200 ; Ranu" 

den 206 ; measiirenient of 

magnifying power of 206- 

207 i fboire of in connexion 

with development of rrilical 
iins^, 227 ; contrActiun of l:>eani 
broi^lit about by niugiiiflcation 

e>fTept-pd by ocular 227 ; effect 

of dvist on when very high 

inagnifleation» are employed, 
230. 

Oil of cloves — function of in con- 
nexion with the mounting of 
micrngropio eectious, 32, Ste 
ttlflo luider Clraring. 

Opat*lty^-«f an object consisting of 
traneluwnt elenieintfl is the reauli 
of the deflection of linht by refrac- 
tion and reflectitin, 27-28 ; illuB- 
trativo exp«>riments with macro- 
ecopic objt;ct«, 27-28 j fAniiliitr 

<*xampteft of dependence of 

Upon refraction and upon rvflec* 
tion of light from Hurfnces of 
transparent ob|ect«, 28-20 ; cx- 
perimenta with nn"t?ro8copio ob- 
ject*, 29-30. 

Outline picture — {«ynonytn, refraction 
and reflection picture) definition, 
3 ; cloKtiification into 4ark outline 
piclAire* and bright outiine pic- 



tures, 3; fAmiliar examples of 

4 ; cannot be obtained in a 

case where object ie mounted in 
a medium of pimilar refractivo 

indes, 25, 2B, Exp. I and 3 : 

cannot be obtained in a case whers 
objecte piled one uu another, 30 : 
dieadvanta^ies, imperfectiunii and 
lalladea which Attach In the micro- 
scopic 40-44 ; fails to 

disctoae objecia that si]btc<nd unfy 
a very email angle on the retina, 
6 ; absence of deHnitive focal 
plane. 41 : misprision of focus, 
41. See also under dark oittiine 
picture, bright outHne picture and 
itultines. 

Outlines — experiments of production 
and efTacement of dark and 

bright (a) in case of mocro- 

acopic objects, 12 ; {b) in coac of 
objectci placed on the stag;e of tha 
microscope, 20 ; {c) in eaee of 
blood Alms, 22 ; explftnation of 

manner in which dark ara 

pruducvd, 14 : explanation of the 

inamior in which bright are 

produced, 15 ; explanation of 

manner in which are sup- 

proaaod, 17 ; BTJppTeBsion of 

fesaentiivl to tran-Hparoncy of any 
preparation whore objecta oro 
piled one upon another, 30-31 ; 
disadvantage uf the intrusion of 

into a colour picture, 6 : 

also *ee under com&f ned colour and 
outline pirJtttre \ ad just men ta rf 
the condenaor which are requlreil 

for the protluction of dark 

171 ; for production of bright 
173, 208-217. 

Oxalate of calcium crj'stal^interprota- 
tion of the envelope-shape image 
obtained. 

Oxyphil tiasue elements — 34. 



Parti-coloured stops — 19 ; method of 

making 20 ; euggRBled 

by Rheinberg for the illumination 
of objects by differentially col- 
oured light, 10 note. See Di^er- 
eniioily lighted picture. 

Phantom picture — definition of 7. 

See Derii'otive picture and imder 
Fallacy of ini«pri«ion of f&cu». 

Picture in relief — definition of 4 ; 

familiar examptpn of — -— 4 ; 
diaadvantagen fron^ point of view 
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of non-disclosure of internal 

structure of 6 ; 23, Exp. 

4 ; method of lighting required, 

for development of 23, 

Exp. 4, 26, Exp. 2, 173 ; incom- 
patibility of this form of illu- 
mination with achievement of 
a critical image, Chap. XV. See 
also Pictures in colour and relief. 
Pictures in colour and relief^-4, 26, 

Exp. 2. 
Plane of origin. See Surface vista, 

optical anatomy of. 
Point vista— definition of 71 ; op- 
tical anatomy of 71, 72; 

relation between aperture of 

and brilliancy, resolution in depth, 
and imaging of elements which 
are masked from direct view, 
76, 77. 
Pole of origin — See Point vista, optical 

anatomy of. 
Pupil (of lens) — See Surface vista, optical 

anatomy of ; of entrance. 

Pupillary aperture of eye — projection- 
picture of 140 ; eyelashes, 

corneal opacities, etc., silhouetted 

in projection-picture of 140. 

Pupillary margin of the iris — delimita- 
tion of field of view by . See 

imder Field of view 
Pupillary movements — ^method of bring- 
ing one's own into view, 140. 



Ramsden disk — See Surface vista, op- 
tical anatomy of ; method of 

measuring 92 ; of eye 

lens and eye vista, 157-158, 167. 

Refractive index of enveloping medium, 
^-effect of upon develop- 
ment and suppression of outlines, 

17-18. 25-26 ; effect of upon 

breadth of outline, 12, Exp. 1, 
20, Exp. 1 ; upon transpar- 
ency of microscopic preparations, 
29, 30. 

Refraction and reflection pictiut) — See 
Outline picture. 

Resolution — definition of the terra as 
employed in connexion with the 

microscopic image, 64 note ; 

in plan distinguished from 

in depth, 58 ; dependent 

upon concentration of the system of 
rays which proceeds from a radiant 
point in the object upon a point 

in the image, 68 ; affected by 

lens-aperture, 76, 78 ; in- 



terfered with by spherical tm ^ 

chromatic aberration, 95 ; 

interfered with by diffiractioii, 101 
111-116. 

Resolution in depth — ^not obtained 
in the simple aperture image, 

68, 69 ; obtfuned in lena 

image, 68, 69; runs parallel 

with sensitiveness of image to 
alterations of the focussing ad- 
justment, 77 ; relation between 

and the aperture of the lens, 

77 ; in unaided eye in case of 

mon-ocular vision determined by 
the dimensions of the pupil, 136, 

137 ; in simple microscope 

determined by working N.A. of 

the lens, 148 ; in microscopic 

image determined by N.A. of 
objective, 196, 197 ; difficoltiee 

arising in connexion with 

when diatoms are employed as 
test objects, 203. 

Resolution in plan — See under resolution. 

Retro-ocular stop — See Stops. 

Retro-objective diaphragms — See Dia- 
phragms. 

Retro-objective sto]>s — See Stops. 

Rheinberg's parti-coloured substage 
stops, 19 note. See also differenti- 
ally lighted picture. 



Sanger-Shepherd^<liffraction gratings 

made by 116 noU. 

Siedentopf and Zsigmondi's method 
of dark groimd illumination — 
215 ; claim that their method 
reveals elements of " ultra-micro- 
scopic " minuteness, 215-229. 
Simple apertiu^ image — conditions 
which determine scale, brilliancy, 
definition and resolution in plan 

in the case of the 54-58 ; 

resolution in depth not obtained 
in 59 ; obstructive inter- 
ference in 59 ; dilemma of 

the 60. 

Slide and coverglass and media — inter- 
posed between condenser and 

objective, 188 ; influence of 

upon numerical aperture of trans- 
mitted beam, 188-190 ; distor- 
tion of transmitted l)enm effected 

by where immersion is not 

resorted to, 190-192. 
Spectacles — projection picture of pupil- 
lary apertiu^ obtained from rain- 
drops on 142, note 2. 
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Spherules of coloured and uncolouned 
glass for optical experimentB — 
method of muking 1 1. 

Spherical aberration — 95-97 ; method 
of correcting 97, 08. 

Spurious detail — 1 15 ; — ^ — obtained in 
&, characteristic manner by auper- 
impoattioD of outlying elements 
of two or more untipoint syBteniB. 
Set under Intercoefal epoU and 
intercoalal lineg. 

Stage picture — definition, 3, See also 
Object picture , 

Staining — principlea of Cup. TV., 

33-38. 

IStereoacopic effect8^4. See also under 
Picture in relief. 
Subjective colour coatraAt — couditiona 
which are favourable to produc- 
tion of 8, », 12, Exp. G i 21, 
Exp. 6; 30, Exp. 4. See alsD 
under Fallacits. 
Stops — lubttafft , centrul apot 
171 ; method of ext«mpon:ung 
20 : for oblique illumi- 
imtion, 173, 23, Exp. 4 ; coloured 
20 ; retro-objective — — (for 
dark ground illuiiibiation), 217 ; 
{for the study of diffraction En the 
aperture of the objective) «« 
luider DiaphnjifTfie ; retro-ocular 
central spot — — 217. 
Strncture picture — 3 note. 
Btruktuf-bild (Koch) — See Struetwe pA;* 

tare. 
Subjective colour contrast — definition 

of — 8. iS*e luider Fallacy of 

eubfeetivt colour toniratt, 
Bubatage condenser — See Condenaer. 
^^ Subfltage diBphragm — Ste under Dia- 
^B jAragms and ttope. 

^H.Suppnaaion of outlineB — See under Oul- 

^^B finet ; csaontial to achieve- 

^V ment of transparency m micro- 

Bcopic specimens, 21)-31. 

Burface vTsta — definitiou of 71 ; 

optical anatomy of 70-80 ; 

influence exertod by aperture of 

upon reaolution in plan and 

in depth and upon tho imaging of 
elaaieata which are masked from 
direct view, 8'2-84 ; conception 
of a vista as a sequence of radiant 
planes, 84-ddi 



Tears silhouDtted upon retina wheii a 
homo-centric beam falls into the 
eye, 1-12 ; when a very narrow 
M. 



beam is fumiahed to the eye by 
the microa«>p*, 237. 

Terminal plane— iSee Surface ri^a, op- 
tical anatomy of. 

Teat objects for proving general 
accuracy of tli© corrections in 
tho case of an objective — 204 ; 

special for proving tho 

accuracy of the chromatic cor- 
rections, 204 ; for testing 

the flatness of field, 204 ; criti- 
cianv of emplojTTvent of diatonis 
as 203. 

Transparency or opacity of microHCopio 
propontions — experimonta with 
glaaa apherulee piled one upon the 

other, 27-28 ; with miero- 

acopic secttooB and strips of 0]ter 
paper, 29. 

Trebiing of rulings — See under Fatlacie^ 
referable to diffraction. 

Tubercle bacillus — discovery and iden* 

tification of by staining, 47; 

preparation of the nii:*ed 

with other bacteria and diftoren- 
t jully stained, provides a satisfac- 
tory tost, object for proving the 
chromatic corrections of objec- 
tives. 204. 



tJltr«-microscopic — criticism of the t*nii 

229 ; in refility no object 

can bo too small to be seen, 229 ; 
claim made by Siedentopf and 
Zsigniondi that their miOthod 
of dark groimd illumination fur- 
tushes a method for revealing 

particles of minuteness, 215 

note. 

tTnaided eye — scale of image in 

133 i invereion of image in 

133 ; psychological factors in- 
volved in estimation of — — - 133 ; 

rofiolving power of ■ 134 ; 

fat'tors which influence quality 

of imagDo furnished by 134, 

13S ; numerical aperture of 

135 ; effect of contraction of 

numerical aperture of 136— 

138 ; Helmholtz's limit of reso- 
lution applied to 139, HO. 

tTndulatioa thcwry of light — 102-105, 



Vista — conception of a 71. See also 

under Point [i>((m and surface 
vista*. irUrtpenetrating t'isteu, in- 
trugim vista$, catena of viMlaa. 
S 
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Vista of apeitanl fdanes of microBoope — Vista of objective and field lens — con- 
configuration and optical anatomy figuration and optical anatomy 
of 161. of 154-157. 

Vista* of eye-lens and eye — configura- Vista of snbstage condenser — configura- 
tion and optical anatomy of tion and optical anatomy of 

167-159. 159. 
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